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CHAPTER 1. GENERAL INTRODUCTION 
INTRODUCTION 
Body size is a highly variable trait in nature. Many factors have been found to affect 
body size in different ways, including genomic differences, environmental factors, and 
maternal inputs during development. For instance, high variability of a growth hormone gene 
is correlated with different body sizes in olive flounder fish (Kang et al. 2002); temperature 
and food availability influence tadpoles growth in pea hammondii (Arendt and Hoang 2005); 
and maternally allocated yolk costicosterone levels affect growth rates of quail chicks 
(Hayward and Wingfield 2004). Importantly, individual body size is probably the result of an 
interaction of multiple factors, resulting in complex patterns that could be difficult to dissect 
(Roff 1998). Understanding the causes and consequences of body size variation is 
particularly important in ectotherms because body size is directly related to fitness through 
fecundity or survival (Mousseau and Roff 1987; Valenzuela 2001b).  
In addition to the factors mentioned above, sex can also affect body size. The 
difference in body size between males and females, or sexual size dimorphism (SSD), can be 
observed across many taxa (Andersson 1994; Abouheif and Fairbairn 1997). There are 
species in which males are larger than females (or male-biased SSD species), with the record 
in a cichlid fish in Lake Tanganika (Lamprologus callipterus) where males weigh 12 times 
more than females (Schutz and Taborsky 2000). In other species females can be larger than 
males (female-biased SSD species), with the most extreme case known in the blanket octopus 
(Tremoctopus violaceous) in which females can weigh up to 40,000 times more than males 
(Norman et al. 2002). Such differences in body size between males and females have been 
explained by different evolutionary forces. For example, in species that exhibit male-to-male 
competition, sexual selection may favor larger males (Berry and Shine 1980) as larger males 
win more fights, have more access to females, and reproduce more often than smaller males. 
Alternatively, fecundity selection may favor larger females because those larger females can 
produce larger clutches or larger eggs compared to smaller females (Andersson 1994; Bonnet 
et al. 2001; Valenzuela 2001b; Cox et al. 2003).  
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Interestingly, phenotypic plasticity or the ability of the genome to produce alternative 
phenotypes when the individual is under different environments (Pigliucci 2001; Pigliucci 
2005), has been the focus of recent studies because plasticity can also vary with sex. In other 
words, not only can sex affect size and size be highly plastic [i.e.,(Madsen and Shine 1993; 
Fairbairn 2005; Arendt 2006; Starostova et al. 2010)], but males and females can respond in 
different ways to the same environment (Fairbairn 2005). These observations led scientists to 
propose the sex-specific plasticity hypothesis as an underlying cause of SSD (Fairbairn 
2005), yet the extent and specific role that sex-specific plasticity plays on the evolution of 
body size and SSD remains largely unknown. For example, in some studies SSD variability 
has been associated to an increased response in body size of males compared to females, such 
as in the water strider insect (Fairbairn 2005), or in geckos (Starostova et al. 2010). In other 
studies however, females exhibited an increased sensitivity to the environment compared to 
males as was shown in most insects that exhibit female-biased SSD (Teder and Tammaru 
2005). Whether phenotypic plasticity is a mechanism by which males, or the larger sex, 
increase their body size is still unclear. In addition, differential plasticity has been shown 
mainly on insects [reviewed in (Stillwell et al. 2010)], but little work has been done on 
vertebrates (Starostova et al. 2010), and none on turtles. Two experimental studies in this 
dissertation (chapters 2 and 3) were designed to help fill this gap. 
Differential phenotypic plasticity may not only affect SSD variability, but it has been 
proposed as a potential proximate mechanism underlying large-scale patterns on body size 
across species, such as Rensch's rule (RR). Rensch's rule describes a correlation between 
SSD and the average body size of the species in a particular direction depending on the SSD 
pattern of the species (Rensch 1950, 1960). Specifically, it states that SSD increases with 
body size in male-biased SSD taxa, but it decreases with body size in female-biased SSD 
taxa. Importantly, this pattern implies that males evolve their body size at a faster 
evolutionary rate compared to females, and thus it has been suggested that males drive the 
evolution of SSD, and that sexual selection is the main evolutionary force underlying SSD 
(Fairbairn 2005). Rensch's rule applies to some birds, mammals, reptiles, insects, and 
arachnids (Abouheif and Fairbairn 1997; Szekely et al. 2004; Fernández-Montraveta and 
Moya-Laraño 2007). Exceptions to RR include taxa in which females are larger than males 
(i.e., owls, spiders and some snake lineages) in which no association was found between 
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body size and SSD, or the pattern was opposite to that predicted by RR (Abouheif and 
Fairbairn 1997). Notably, conflicting results have been reported about whether or not RR 
applies in turtles (Berry and Shine 1980; Gibbons and Lovich 1990; Stephens and Wiens 
2009), and the differential plasticity hypothesis as a potential proximate mechanism 
underlying Rensch's rule has not been tested in this clade. Studying if turtles follow Rensch's 
rule, and if males (or females) evolve their size faster than females (males), irrespective of 
their SSD pattern (male- or female-biased), is important because it sheds light on whether 
sexual selection (or fecundity selection) may be a significant driver of the evolution of SSD 
in these organisms. Such is one of the objectives of this dissertation. 
Turtles are a good clade to study patterns of body size change and its associated 
mechanisms because their life history is highly variable which may in turn affect their body 
size in many different ways. Body size for example ranges from 8 cm of linear carapace 
length in adult Homopus signatus (Testudinidae) (Schleicher and Loehr 2001; Loehr 2004) or 
Sternotherus depressus (Kinosternidae) (Gibbons and Lovich 1990; Ernst et al. 2007), to 1.8 
m long in the leatherback sea turtle (Dermochelys coriacea) (Barata et al. 2004). Turtles can 
occupy highly distinct habitats, ranging from rivers (i.e., Emydidae, Podocnemididae), 
deserts (Gopherus spp.), forests (Kinixys spp.), swamps (Kinosternidae), or even oceanic 
islands (Galapagos tortoise, Geochelone nigra), and tropical to temperate oceans 
(Cheloniidae, Dermochelyidae) (Ernst et al. 2007). Fecundity is highly variable as well. 
Some species lay as few as 1 - 4 eggs per clutch in the small H. signatus, or as many as 81 
eggs per clutch 6 times per year in the large D. coriacea (Vanbuskirk and Crowder 1994) or 
184 eggs per clutch in Podocnemis expansa (Valenzuela 2001b). In terms of feeding habits, 
some species are omnivorous as Podocnemis expansa, while others are highly carnivorous as 
Chelydra serpentina, or have more specialized diets such as sea grasses in the green sea turtle 
Chelonia mydas, or jellyfish in D. coriacea (Bjorndal 1997).  
On the other hand, sexual shape dimorphism (SShD), the differences in body shape 
between males and females, may also be driven by similar mechanisms or evolutionary 
forces as those underlying SSD. For example, in South African fighting tortoise (Chersina 
angulata), males with longer bodies and greater rear carapace widths win more male-to-male 
fights compared to shorter and narrower males, suggesting that sexual selection may explain 
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SShD in this species (Mann et al. 2006). Sexual selection may also drive SShD in the steppe 
tortoise (Testudo horsfieldii) that exhibits male-to-male combat. In this species males are 
smaller than females, and the shell has wider openings to allow wider and faster movements 
of the legs, which facilitate searching for females (Bonnet et al. 2001). In addition, fecundity 
selection may also favors females with wider shells that increase egg-carrying capabilities 
(Bonnet et al. 2001). In this dissertation, the relative levels of growth plasticity of males and 
females were examined to test whether SShD may be the result of differential responses to 
the same selective pressures (differential plasticity between sexes) or if sex-specific selective 
pressures are likely (equivalent plasticity in both sexes). 
DISSERTATION ORGANIZATION 
The general goal of this dissertation was to advance our understanding of the 
importance of plastic responses to environmental conditions in shaping SSD and SShD 
patterns within and across turtle species by exploring (i) environmental effects on the growth 
of two turtle species exhibiting contrasting SSD (male-larger versus female-larger SSD) in 
chapters 2 and 3, and (ii) broad-scale taxonomic patterns of SSD in turtles in chapter 4 as 
described below. 
In the second chapter two adaptive hypotheses that explain how sex-specific 
plasticity affects the evolution of SSD were tested. (1) The adaptive canalization hypothesis 
states that the larger sex exhibits lesser plasticity (smaller magnitude of change) compared to 
the smaller sex due to strong directional selection for a large body size, which penalizes 
individuals attaining sub-optimal body sizes (Fairbairn 2005; Stillwell et al 2010). I used the 
common snapping turtle, Chelydra serpentina, a species that exhibits male-biased SSD. This 
hypothesis predicts that the plasticity of males should be smaller than the plasticity of 
females (Pm<Pf). Under this scenario, a lower magnitude of change in body size of males 
would not favor an increase in their body size. (2) The condition dependence hypothesis 
states that the larger sex exhibits larger plasticity compared to the smaller sex due to strong 
directional selection for a large body size through greater sensitivity as an opportunistic 
mechanism for growth enhancement (Bonduriansky 2007). This hypothesis predicts that the 
plasticity of male snapping turtles is larger than the plasticity of females (Pm>Pf). Under this 
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scenario, a larger magnitude of change in males would favor an increased body size 
compared to females. Turtles were raised for 15.5 months under a common garden setting, 
and plastic responses in body size and shape of males and females were compared following 
a geometric morphometric approach to test for differences in shape and size among 
environments, between sexes, and for significant interaction between environment and sex. 
Finding an increased growth plasticity of males in C. serpentina compared to females 
would provide evidence to support the condition dependence hypothesis, but such data will 
not permit distinguishing whether differential plasticity enhances growth of the larger sex in 
general or of males in particular. Thus in the third chapter the role of the sex-specific 
plasticity was studied in a turtle species that exhibits female-biased SSD (Podocnemis 
expansa), and results were compared to those obtained in chapter two. Specifically, I tested if 
phenotypic plasticity is specific to sex, size or to the species. If plasticity is sex-specific then 
plasticity is expected to be larger in the same sex in C. serpentina and P. expansa (males in 
both species, or females in both species). If plasticity is size-specific then plasticity is 
expected to be larger in either, the larger sex in both species (males in C. serpentina and 
females in P. expansa), or the smaller sex in both species (females in C. serpentina and 
males in P. expansa). Finally, if plasticity is species-specific, then plasticity is expected to be 
differential in one species but not in the other, or to not be differential in either species. A 
similar experimental design, and data analysis as that used in the first study was implemented 
in this second study to facilitate the comparison of findings in both species. 
In the fourth chapter I tested if SSD increases or decreases with the species average 
body size in a way consistent or counter to Rensch's rule, and explored that magnitude and 
rate of body size evolution across the turtle tree of life. These analyses provide insights about 
the sex whose body size evolves at a faster evolutionary rate and who may thus be the driver 
of SSD in turtles overall. Alternatively, it may be found that there is not a sole sex 
responsible for changes in SSD, but instead that the body size of one sex evolves faster in 
some lineages and slower in others. This last scenario may result in an overall pattern where 
SSD varies isometrically with body size. Finding male body size evolves faster than in 
females would be consistent with the hypothesis that sexual selection plays an important role 
in the evolution of SSD in turtles, and finding that female body size evolves faster than in 
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males would be consistent with the hypothesis that fecundity selection is more important in 
SSD evolution. For this purpose a database on male and female body size of 138 turtle 
species was compiled to perform a phylogenetic comparative analysis.  
Finally, the fifth chapter summarizes the conclusions from both experiments and the 
phylogenetic comparative analysis on body size (chapters 2, 3 and 4), and suggests directions 
for future research in this field. 
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CHAPTER 2. SEX-SPECIFIC GROWTH PLASTICITY AND SEXUAL 
DIMORPHISM IN SNAPPING TURTLES (CHELYDRA SERPENTINA) 
ABSTRACT 
Sex-specific plasticity, the differential response that the genome of males and females 
may have to different environments, is a mechanism that can affect the degree of sexual 
dimorphism. Two adaptive hypotheses have been proposed to explain how sex-specific 
plasticity affects the evolution of sexual size dimorphism. The adaptive canalization 
hypothesis states that the larger sex exhibits lesser plasticity compared to the smaller sex due 
to strong directional selection for a large body size, which penalizes individuals attaining 
sub-optimal body sizes. The condition dependence hypothesis states that the larger sex 
exhibits greater plasticity than the smaller sex due to strong directional selection for a large 
body size favoring a greater sensitivity as an opportunistic mechanism for growth 
enhancement. While the relationship between sex-specific plasticity and sexual dimorphism 
has been studied mainly in insects, its role in long-lived vertebrates has received little 
attention. In this study we tested the predictions derived from these two hypotheses by 
comparing the plastic responses of body size and shape of males and females of the common 
snapping turtle (Chelydra serpentina) raised under common garden conditions. Body size 
was plastic, sexually dimorphic, and the plasticity was also sex-specific, with males 
exhibiting greater body size plasticity relative to females. Because snapping turtle males are 
larger than females, sexual size dimorphism in this species appears to be driven by an 
increased plasticity of the larger sex over the smaller sex as predicted by the condition-
dependent hypothesis. However, male body size was enhanced under relative limited 
resources, in contrast to expectations from this model. Body shape was also plastic and 
sexually dimorphic, however no sex by environment interaction was found in this case. 
Instead, plasticity of sexual shape dimorphism seems to evolve in parallel for males and 
females as both sexes responded similarly to different environments.  
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INTRODUCTION 
Understanding the processes responsible for the evolution of phenotypic patterns is a 
major question in evolutionary biology. One fundamental phenotypic pattern found across 
many sexually reproducing species is sexual dimorphism, the differences in size (sexual size 
dimorphism, SSD) or shape (sexual shape dimorphism, SShD) of conspecific males and 
females (Fairbairn et al. 2007). In most invertebrates and ectothermic vertebrates (e.g. 
spiders, insects, amphibians, reptiles) females are larger than males, but the opposite is true 
in many endothermic (mammals and birds) and some ectotherms (e.g. some reptiles and 
amphibians: (Abouheif and Fairbairn 1997; Fairbairn et al. 2007). Yet, distinguishing the 
drivers of this widespread variation in sexual dimorphism, or lack thereof, remains a 
challenge for many species. Selective forces may act on different fitness components 
resulting in contrasting patterns of sexual dimorphism among taxa. For instance, sexual 
selection may favor larger males in species where larger body size increases access to 
females via male-male competition (Berry and Shine 1980), or favor smaller males in species 
where smaller body increases mobility and consequently insemination success (Kelly et al. 
2008). Fecundity selection may favor larger females in species where clutch or egg size 
increases with female size thus conferring higher reproductive success to larger females as 
compared to smaller ones (Andersson 1994; Valenzuela 2001b; Cox and John-Alder 2007b). 
Ecological selection through niche partitioning may favor sex-specific body size optima 
associated with foraging strategies that enable each sex to exploit the habitat more efficiently 
(Schoener 1967). Likewise, the degree of sexual dimorphism observed within a species may 
vary because the particular selective forces driving sexual dimorphism change throughout 
ontogeny (Andersson 1994), or due to mechanisms such as sex-specific plasticity as observed 
mainly in insects (Fairbairn 2005; Bonduriansky 2007; Fernández-Montraveta and Moya-
Laraño 2007; Stillwell and Fox 2007; Stillwell et al. 2010). For instance, in the female-larger 
seed beetle (Callosobruchus maculatus), a higher rearing temperature enhances female 
growth (faster mass gain) as compared to male growth, though at the same time, low 
temperatures result in female-biased sex ratios perhaps due to a non-random larval mortality 
of males compared to females (Stillwell and Fox 2007).  
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Two alternative adaptive hypotheses have been proposed to explain how sex-specific 
plasticity affects the evolution of SSD, each supported by evidence from a few well-studied 
invertebrates. (1) The adaptive canalization hypothesis states that if the larger sex is under 
strong directional selection for a large body size (e.g. sexual selection for larger males or 
fecundity selection for larger females), individuals attaining sub-optimal body sizes will be 
penalized via a fitness reduction (Fairbairn 2005; Stillwell et al. 2010). Under this 
hypothesis, the larger sex is predicted to show reduced sensitivity to the environment relative 
to the smaller sex, such that the SSD pattern should remain constant across environments. 
Evidence for this hypothesis comes from studies of two insect species. In water striders 
(Aquarius remigis), which exhibit female-biased SSD, females have longer abdomen length 
compared to males; however, abdomen length is relatively more plastic in males, suggesting 
it is adaptively canalized in females (Fairbairn 2005). Likewise, female Mediterranean 
tarantulas (Lycosa tarantula) are larger than males but their body size is not affected by 
improved feeding conditions while male growth is elevated, such that SSD is no longer 
detected (Fernández-Montraveta and Moya-Laraño 2007). (2) The condition dependence 
hypothesis states that if the larger sex is under strong directional selection for a large body 
size, it will exhibit a greater sensitivity to environmental conditions than the smaller sex as an 
opportunistic strategy for growth enhancement (Bonduriansky 2007). Under this hypothesis 
the larger sex is predicted to show an increased plasticity relative to the smaller sex. Support 
for this hypothesis is also found in insects, albeit different species. In the fly (Telostylinus 
angusticollis), which exhibits male-biased SSD, sexual and non sexual traits do not differ 
between males and females under a poor diet, but males grow larger under a rich diet 
(Bonduriansky 2007). Likewise, a survey across 158 insect species revealed that 80% of 
them exhibits female-biased SSD coupled with higher female-size plasticity, while the 
remaining 20% possessing male-biased SSD shows no consistent pattern (Teder and 
Tammaru 2005). It should be noted that other studies are equivocal in their support for either 
hypothesis. For instance rearing temperatures have no effect on sexual size dimorphism in 
the beetles (Stator limbatus) that exhibits male-biased SSD, but population of origin does, 
suggesting that a stronger genetic component on body size may exist in this species (Stillwell 
and Fox 2007).  
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Because most research on this topic has been addressed in insects, a group 
characterized by having relatively small body size, short generation time, and fast 
developmental rates, it remains uncertain if the same processes affecting SSD in insects 
apply to species with long generation times such as vertebrates, which may be subject to 
differing selective pressures (Slack 2006; Jenner and Wills 2007). Indeed, the extent of the 
role that sex-specific growth plasticity plays in the evolution of sexual dimorphism in long-
lived vertebrates such as reptiles, remains understudied, although some valuable insight has 
been gained in this area, mostly from snakes and lizards (Taylor and Denardo 2005; Cox et 
al. 2006). For instance, rattlesnake females (Crotalus atrox) grow heavier than males under a 
high-intake diet, but there are no differences in body mass when they are under a low-intake 
diet (Taylor and Denardo 2005). Likewise, wild lizards (Sceloporus jarrovii) exhibit male-
biased SSD, however when males and females are raised under the same captive conditions 
males decrease their natural growth rates and consequently SSD is not observed (Cox et al. 
2006; Cox and John-Alder 2007b). 
Here we studied body growth in snapping turtles (Chelydra serpentina) to test 
whether plasticity in growth mediates the sexual dimorphism in a long-lived vertebrate, and 
whether such plasticity is sex-specific. That is, we tested whether the larger sex exhibits an 
increased, decreased or equal growth plasticity relative to the smaller sex. Snapping turtles 
are a good model for this study because they exhibit sexual dimorphism in their carapace and 
plastron (Mosimann and Bider 1960; Christiansen and Burken 1979; Steyermark et al. 2008). 
In the wild, males grow at a faster rate and mature at a younger age than females 
(Christiansen and Burken 1979). Namely, males grow at about 3 cm/year in plastron length 
until they reached sexual maturity at carapace length (CL) of 19.1 - 22.3 cm, and plastron 
length (PL) of 13.5 cm in their 4 - 5 year (Christiansen and Burken 1979). Growth rate 
declines gradually after maturity reaching 0.25 cm/year by the 20th year. Females grow at the 
same rate as males until their 3rd year, but then growth decreases to 0.6 - 0.7 cm/year, 
reaching maturity at CL = 22.9 cm, PL = 16.2 cm by 7 - 8 years of life. Males continue 
growing after 35 years, while in females growth is slight beyond 15 - 20 years of age 
(Christiansen and Burken 1979). In addition, snapping turtles lay relatively large clutches (26 
to 55 eggs) (Congdon et al. 2008), making them a good model for a plasticity study as it 
allows allocation of clutch mates to different experimental treatments. Because snapping 
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turtles posses temperature-dependent sex determination (Yntema 1976) we examined the 
ontogenetic effect of incubation temperature, as well as posthatching water temperature and 
resource quality and quantity on growth.  
In particular, we examined the existence of sexual size and shape dimorphism (SSD 
and SShD) of carapace and plastron. Additionally, we explored the existence of sex-specific 
plasticity in SSD and SShD. With these data we tested the specific predictions from the 
adaptive canalization and condition dependence hypotheses, as follows. If growth of the 
larger sex is adaptively canalized compared to the smaller sex, it would be expected that 
snapping turtle males exhibit reduced sensitivity to the environment compared to females. 
Alternatively, if plasticity mediates sexual dimorphism as a growth-enhancing mechanism of 
the larger sex, then it would be expected that snapping turtle males exhibit increased 
sensitivity to the environment compared to females. Alternatively, if both sexes respond 
equally to the environment it would imply that sex-specific plasticity does not mediate sexual 
dimorphism in this species. 
MATERIALS AND METHODS 
Eggs collection and incubation 
A total of 671 eggs of Chelydra serpentina from 0-2 day old nests were collected 
from a turtle farm in Birmingham, Iowa, (n = 19 clutches) and the Horticulture Station of 
Iowa State University in Ames, Iowa (n = 2 clutches). We estimate that clutches were laid by 
different females because eggs were collected within a 7-day period, giving no time for a 
female to lay more than one clutch. Eggs were measured, weighted, individually marked, and 
distributed uniformly but randomly into 3 incubators set at 26ºC, 28ºC and 31ºC expected to 
produce 100%, 50% and 0% males, respectively (O'Steen 1998; Steyermark et al. 2008). Egg 
weight was measured as it is a maternal effect that can affect growth in reptiles (Rhen and 
Lang 1995; Valenzuela 2001a, 2001b; Zhu et al. 2006). Incubation started within 12 hours of 
egg collection. Eggs were completely buried in plastic boxes half-filled with moist sand set at 
4% water content (Lott 1998). Substrate moisture was maintained by replacing lost weight 
with water once a week to avoid the confounding effect that humidity conditions during 
incubation can have on hatchling size in this species (Packard et al. 1999; Ackerman et al. 
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2008). Sand boxes were rotated to avoid any systematic effect of potential thermal clines 
within incubators. Additionally, substrate temperature was recorded hourly with up to 4 
dataloggers per box (Dallas Semiconductor iButton) with 0.5 ºC precision. Eggs were placed 
into individual plastic cups upon pipping to follow the identity of each individual. Upon 
emergence from the shell and after yolk absorption was completed (approximately at 2 weeks 
of age), hatchlings were uniquely tagged to keep track of individual identity by attaching a 
combination of colored beads to the posterior edge of the carapace (Galbraith and Brooks 
1984).  
Incubators fluctuated from their set temperatures, such that the experimental design 
was modified as follows. Because the 31 ºC incubator resulted in only 15.2% hatching 
success (table 1) and all hatchlings were deformed and died by the 2nd month of age, these 
individuals were excluded from the study. The remaining hatchlings were reassigned to three 
new experimental groups encompassing relatively even incubation thermal ranges as 
determined by the temperature records from their individual incubation boxes. The 26 ºC-bin 
group (n = 105 hatchlings) experienced temperatures ranging between 25.63 - 26.33 ºC, the 
27 ºC-bin group (n = 74 hatchlings) with temperatures between 26.71 - 27.39 ºC, and the 28 
ºC-bin group (n = 73 hatchlings) with temperatures between 27.53 - 28.19 ºC. We refer to 
these groups simply as the 26 ºC, 27 ºC and 28 ºC groups hereafter. Hatchlings were 
distributed evenly and randomly among the posthatching treatments as described below. 
Common-garden experiment and sexing procedure 
Common garden experiments were conducted at the indoor Aquatic Research 
Campus Facility at Iowa State University. The experiment followed a partially-balanced 
incomplete block design (Montgomery 1997). Individuals from each clutch were randomly 
assigned to at least 3 of the 8 posthatching treatments (figure 1), such that each treatment 
contained hatchlings from at least 7 clutches. Eight posthatching treatments were set up by 
combining 3 environmental factors with 2 contrasting conditions each, as follows. (1) Water 
temperature: colder (20 ºC) and warmer (25 ºC), achieved by using a dechlorinated water 
flow-through system controlled by a thermostat for each temperature (temperatures could 
vary up to ± 1.5 ºC before triggering an alarm system). At 10 months of age, the warmer 
water temperature was decreased from 25 ºC to 23 ºC to reduce observed signs of 
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cannibalism. (2) Food quality: higher (43%) and lower (35%) protein-content diets 
corresponding to commercial “Hatchling Aquatic Turtle” and “Growth Aquatic Turtle” food 
from Zoo Med Lab (see list of ingredients and nutritional composition in appendix 1). (3) 
Food quantity: lower and higher food quantities corresponding to 2% and 8% of total body 
mass respectively.  
A total of four 5ft-diameter tanks were used, two of which were set at the colder 
temperature and the other two at the warmer temperature. Tanks were divided in half by 
using a plastic net that separated the high from the low food-quantity treatments. Turtles 
were fed 6 days a week after their tanks were vacuum-cleaned. Quantification of the amount 
of food eaten by each individual was precluded by the use of shared tanks per treatment. 
However, turtles in the 2% treatment consumed all food provided, while turtles in the 8% 
treatment ate ad libitum with minimum leftover food observed the following day. Turtles 
were provided daily with 12 hrs of UVA/UVB light. The experiment was terminated when 
turtles were 15.5 months old. 
Turtles were sexed by laparoscopy (Kuchling 2006) at approximately 15 months of 
age using a 2.7-mm-diameter rigid Storz Hopkins 308 endoscope with a battery-operated 
Storz cold-light source, or by gonadal inspection under a dissecting microscope for 
individuals that died before the end of the experiment (n = 65). Sex of individuals whose 
gonads were not fully observable by laparoscopy was confirmed by radioimmunoassay of 
their circulating testosterone after an FSH challenge (Lance et al. 1992) validated by gonadal 
inspection of a subset of individuals (concentration of testosterone in females: mean = 0.259 
ng/ml, std dev = 0.84, n = 54; and in males: mean = 1.372, std dev = 1.22, n = 88). The sex 
ratios (% males) of the 252 hatchlings (n males = 118, n females = 92) obtained from the 26 ºC, 
27 ºC, and 28 ºC incubation groups were 94%, 45%, and 26% respectively. A non-infectious 
skin condition that produced excessive-shedding afflicted the hatchlings during their second 
month of age and caused a high mortality across all treatments. By 15.5 months of age sex 
ratios of the 149 surviving juveniles (n males = 92, n females = 57) in these groups were 95%, 
48%, and 19% respectively.  
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Geometric-morphometric shape and size quantification 
To quantify carapace and plastron size and shape, individuals were photographed 
with a digital camera (Olympus SP-500 Ultra Zoom) at two weeks after hatching, and every 
6 weeks until the end of the experiment at 15.5 months posthatching. A total of 25 landmarks 
were digitized on the photographs at the intersection of scutes in the carapace, and 18 in the 
plastron (figure 2). Individuals whose carapace or plastron contained extra-numerary or fused 
scutes (n = 7) were excluded from further analysis. To obtain shape and size variables, 
landmarks were subjected to a Generalized Procrustes Analysis (GPA) which, briefly, 
superimposes all configurations of landmarks to a common coordinate system, by holding 
mathematically-constant the effects of position, orientation and scale (Rohlf and Slice 1990). 
Two independent GPA were performed, one with carapace landmarks of all individuals at all 
ages evaluated, and a second for landmark configurations from plastrons. Both body 
components were studied independently because the turtle carapace can exhibit more 
variation among habitats than the plastron (Rivera 2008), and because the precloacal length 
of the plastron in snapping turtles grows relatively faster than the carapace length in males, 
while carapace and plastron grow at the same rate in females (Mossiman and Bider 1960). 
For each GPA, partial warp scores and uniform components were obtained, along 
with the centroid size. Partial warps and its uniform components were used as shape 
variables, which provide a multivariate description of the configuration of the anatomical set 
of landmarks (Bookstein 1991). Centroid size describes an average distance from the center 
of gravity of all landmarks to all landmarks, thus it was used as a general measure of size. In 
summary, for each individual at each age we obtained 46 shape variables and one centroid 
size variable for their carapace, and 32 shape variables and one centroid size variable for 
their plastron. Turtles were also weighed periodically and the carapace and plastron 
measured with a 12”-digital-electronic caliper (brand Brown and Sharpe) to record the 
traditional linear-medial length and width. 
Data analysis 
To test if plasticity was sex-specific, namely if males exhibited a greater, lesser or 
equal growth plasticity than females (Pm>Pf, Pm<Pf, Pm=Pf, respectively) we tested for the 
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effects of sex, environment, and their interaction on size and shape of carapace and plastron 
(growth and allometric changes). We performed several univariate and multivariate analyses 
of variance (Sokal and Rohlf 2001) with egg size (transformed to the cubic root of its natural 
log) as covariate to account for potential maternal effects (Steyermark 2008) (ANCOVAs 
and MANCOVA’s respectively, denoted as M/ANCOVA’s). Analyses were performed for 
two time points: at hatching to account for effects of sex and incubation temperature during 
embryonic growth, and at the end of the experiment (15.5 months of age) to account for 
effects of sex, incubation temperature, food quantity and food quality posthatching.  
Using this approach, several possible biological patterns can be identified, which 
allow the evaluation of predictions that emerge from the hypothesis of phenotypic plasticity. 
First, a significant effect of sex would indicate the presence of sexual dimorphism (figure 3, 
panel I), and a significant effect of any environmental factor would indicate that growth is 
environment-specific or plastic (figure 3, panel II). If the effects of sex and environment are 
found to be additive (i.e., no significant interaction), this would indicate that growth is plastic 
but not sexually dimorphic, such that plasticity is the same in both sexes (Pm=Pf) (figure 3, 
panel III). Lastly a significant interaction between sex and environment will indicate that 
growth plasticity is sex-specific, i.e. that the sexes differ in their plastic response (either 
Pm>Pf or Pm<Pf) (figure 3, panel IV). Thus to discern which sex exhibits a relative stronger 
response (i.e. greater plasticity) we calculated Least Square Means (LSM) from the 
M/ANCOVAs above to generate reaction norms for males and females. The magnitude of 
change between environments (calculated as the Euclidean distance among LSM) represents 
the magnitude of the plasticity exhibited by each sex, and was assessed following a residual 
permutation procedure in which the main factors are held constant and only residuals of the 
interaction term are tested (Collyer and Adams 2007; Adams and Collyer 2009).  
For those traits displaying a significant interaction between sex and environment, an 
additional analysis was conducted to explore the ontogeny of such effects. In this case, 
Euclidean distances were calculated at multiple ages (0.5, 2, 3, 4, 6.5, 8.5, 10, 12, and 15.5 
months) as described above. The Euclidean distances of each sex through time were used to 
estimate slopes of each sex, and their difference assessed through a test of slopes using 
library Smart (Warton and Weber 2002) in software R. 
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All M/ANCOVAs were performed using a linear model (lm function in R). To test 
for the possibility that phenotypic differences are due to maternal effects, analyses were 
repeated using a mixed effect model (lme in nlme library) (Pinheiro and Bates. 2000) in R 
software (v. 2.9.1). The mixed effect model treats the environmental factors as fixed effects 
and clutch as a random effect. If the environmental effect is significant in both models, it 
would imply that the observed differences are due to phenotypic plasticity. On the other 
hand, if the environmental effect was not significant in the lme model, it would imply that the 
observed differences were due to the clutch of origin, and thus more likely due to maternal 
effects (genetic or non-genetic basis).  
Finally, for the purpose of visualizing shape differences among groups, graphical 
representations of mean carapace and plastron group shapes were reconstructed using thin-
plate spline deformation grids from the overall average to the average of each focal group 
(Zelditch et al. 2004). Procrustes analyses were performed using TpsDig, TpsRelw and 
TpsUtil software, and mean shapes were calculated with TpsSpline software (Rohlf 2001b, 
2003). 
RESULTS  
A summary of incubation temperature statistics, hatching success and sex ratios, are 
found in Table 1. At hatching, individuals differed in size and shape of their carapace and 
plastron by incubation treatment. The carapace of hatchlings from the highest temperature 
(28 ºC) were more flared anteriorly and plastrons were relatively shorter (“chubby 
plastrons”) when compared to hatchlings from the intermediate (26 ºC) and lowest 
temperatures (27 ºC) (table 2, figure 4). Plastron size was the largest in the 28 ºC group 
compared to the 26 ºC group, while there were no statistical differences between the 26 ºC 
and 27 ºC groups, or between the 27 ºC and 28 ºC groups (table 3).  
Contrasting traits between hatching and 15.5 months of age revealed that body size 
and body shape were highly plastic to all environmental factors tested: incubation 
temperature, water temperature, food quality, and food quantity (tables 2, 3). Mean carapace 
from the 26 ºC and 27 ºC groups were relatively more elongated and wider compared to the 
shorter and narrow mean carapace from the 28 ºC group (figure 4). On the contrary, mean 
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plastron in the 28 ºC group was relatively wider than the other 2 groups (figure 4). Incubation 
temperature also affected body size of juveniles. The intermediate incubation temperature 
produced the largest carapace and plastron, and the lowest temperature the smallest (table 3).  
Water temperature was the environmental factor with the strongest effect on body 
shape and size posthatching. Overall, warmer water enhanced body elongation, making the 
carapace and plastron narrower (figure 5). Warmer temperature also enhanced carapace and 
plastron size by 55 % when compared to the colder water treatment (table 3). Moreover, the 
influence of water temperature differed among incubation groups as the interaction between 
these two factors in the linear model was significant (table 3). However, when clutch was 
treated as a random-effect term using the mixed-effect model, this interaction became non-
significant. This suggests that the size phenotype resulting from this interaction more likely 
has a maternal influence (genetic or non-genetic) beyond that imparted by egg size alone, 
rather than being a plasticity effect.  
Resource availability affected growth plasticity in a differential manner: food quality 
had a significant effect on shape, while food quantity affected size (tables 2 and 3). Namely, 
individuals raised under the lower-protein food exhibited a more elongated carapace than 
those under the higher-protein diets (figure 6). Furthermore, food quality had a significant 
effect on plastron shape of juveniles that differed among the water temperature treatments as 
indicated by the significant water temperature by food quality interaction (table 2). However, 
after pairwise analyses and Bonferroni-correction for multiple comparisons all significant 
differences disappeared (P>0.03 in all instances), indicating that the effect was weak. 
Sexual shape and size dimorphism 
Hatchlings were sexually dimorphic in their plastron shape and carapace size, but not 
in their carapace shape or plastron size. The plastron of males was relatively longer in its 
anteroposterior axis, compared to females (figure 7). In terms of size, the carapace of males 
was relatively larger than that of females (table 3). Sexual dimorphism at hatching did not 
vary by environment as the interaction between sex and incubation temperature was not 
significant on either carapace shape, plastron shape, carapace size or plastron size (Fcarapace 
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shape = 0.66, df = 92,394, P = 0.60; Fplastron shape = 0.78, df = 64,422, P = 0.82; Fcarapace size = 
0.65, df = 2, P = 0.51; and Fplastron size = 0.97, df = 2, P = 0.37).  
A similar analysis was performed posthatching. At 15.5 months of age, snapping 
turtles exhibited sexual shape dimorphism of both the carapace and plastron (tables 2, 3). 
Specifically, males had a relatively narrower and more elongated carapace and plastron than 
did females (figure 7). This sexual shape dimorphism was not plastic as evidenced by the fact 
that the interaction between sex and all environmental factors were not significant (table 2). 
A significant interaction between sex and food quantity detected in carapace and plastron 
size (table 3), indicated that sexual size dimorphism was both present, and was plastic. 
Together, these results revealed that males and females responded differently to the low and 
high food quantity treatments, indicating sex-specific differential plasticity (Pm>Pf or 
Pm<Pf, scenario IV in figure 3).  
Sex-specific plasticity on sexual shape and size dimorphism 
To discern which sex exhibited a higher plasticity in body size of 15.5-month old 
juveniles, absolute Euclidean distances between food treatments were calculated for each 
sex. We found that under lower food quantity conditions males attained larger carapace and 
plastron size than females. In contrast, under higher food quantity males had a smaller 
carapace and plastron than females (figure 8). In addition, the absolute amount of change of 
males was higher than the absolute amount of change of females in both, carapace and 
plastron size (table 3). These findings suggest that growth plasticity of males was higher than 
growth plasticity of females. Results did not change when using the traditional linear 
measurements (e.g. linear carapace length) instead of centroid size (Table 3). That is, the 
interaction between sex and environment suggests again that plasticity was sex-specific (and 
greater in males) but the differences were weak as indicated by the non-significance observed 
in the Tukey test comparison of group means (Table 3).  
We also detected a significant interaction of age by sex by food-quantity on carapace 
and plastron size using centroid size (Pcarapace <0.0001, Pplastron <0.0001, table 4). To explore 
the ontogeny of this interaction given that the environment can affect phenotypes at various 
life stages (Schlichting and Pigliucci 1998; Stillwell et al. 2007), we tested for differences in 
 21 
sex-specific growth plasticity by comparing body size plasticity of males and females at 
additional ages of 0.5, 2, 3, 4, 6.5, 8.5, 10, and 12 months as described above. We calculated 
the average mean of all groups, as well as the Euclidean distances between the low and high 
food treatment of males and females that indicate the magnitude of plasticity of each sex 
through time (table 5). These values were used to build an ontogenic profile of the reaction 
norms that revealed a trend of increasing body size plasticity of both sexes through time 
(figure 9). The magnitude of plasticity from the low- to the high-food treatment of each sex 
was plotted at ages 6.5 to 15.5 months, and their respective slopes were calculated (slope 
males = 1.463, P = 0.0096; slope females = 1.0105, P = 0.0608). A test of slopes revealed 
that the slope for males was higher than that for females (P = 0.0796). This trend indicates 
that plasticity increases with age, with males exhibiting a relatively higher body size 
plasticity compared to females, supporting the notion that males exhibit a relative increased 
body size plasticity when compared to females (Pm>Pf). 
Ontogeny of maternal effects on hatchlings and juveniles 
Embryonic growth was also influenced by maternal allocation, as initial egg weight 
had a highly significant effect on carapace and plastron shape and carapace and plastron 
(centroid) size of hatchlings  (tables 2 and 3). By 15.5 months of age, the effect of egg weight 
on body size was no longer significant, but it was slightly significant on carapace shape, and 
highly significant on plastron shape. To understand at what specific age this effect on body 
size disappeared, additional M/ANCOVAs were carried out at 2, 3, 4, 7, 8, 10, and 12 
months of age. Egg weight had a strongly significant effect on carapace and plastron shape at 
all ages, but the significant effect on carapace and plastron size vanished after the 8th month 
(P<0.0001 from 0.5 to 6.5th month for carapace and plastron size, and P>0.1 from 8.5 to 
15.5th month on carapace and plastron size). 
DISCUSSION 
Deciphering the proximate and ultimate processes that generate the diversity in 
sexually dimorphic patterns observed in nature is a prevailing question in evolutionary 
biology. Recent studies have shown that growth plasticity can be sex-specific (Bonduriansky 
2007; Stillwell and Fox 2007; Stillwell et al. 2010), however the particular role of such 
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differential environmental sensitivity of the sexes in shaping SSD/SShD is still being 
elucidated, particularly in vertebrates (Taylor and Denardo 2005; Cox et al. 2006). In this 
study we found that growth of snapping turtles was highly plastic, sexually dimorphic, and 
also that growth plasticity was sex-specific, with the larger sex exhibiting a significant trend 
of increasingly greater plasticity with age than the smaller sex. This supports the hypothesis 
that growth of the larger sex (males in this case) is under directional selection for increased 
body size, while the smaller sex exhibits a comparatively more canalized growth pattern, in 
partial accordance with the predictions from the condition dependent-hypothesis 
(Bonduriansky 2007) as detailed below. 
Sex-specific plasticity on sexual size dimorphism 
Our results are consistent with other empirical studies that reported varying levels of 
SSD in changing environments, including geographic variation in other turtles (Iverson 1985; 
Lovich et al. 2010; Wolak et al. 2010). In the mud turtle (Kinosternon hirtipes) with male-
biased SSD, differences in SSD observed across three different river basins were associated 
with changes in male body size, which were attributed to a differential impact of food 
limitation on males (Iverson 1985). Another study found that the brown anole lizard (Anolis 
sagrei) displayed different magnitudes of male-biased SSD across 2 islands in the Bahamas 
(Cox and Calsbeek 2010). Specifically, male anoles experience directional selection for 
larger size and females stabilizing selection for intermediate size in both sites, such that SSD 
variability was associated with environmental factors that differentially enhanced growth. 
The sex-specific plasticity was suggested as a potential mechanism underlying SSD variation 
in lizards (Cox and Calsbeek 2010). More recent evidence from geckos (Paroedura picta) 
that exhibit male-biased SSD (Starostova et al. 2010), revealed that at some experimental 
temperatures SSD increased because of a higher body size plasticity (snout vent length) of 
the larger sex compared to the smaller sex.  
Our study in turtles is consistent with previous findings across different taxa, which 
support the differential plasticity hypothesis via condition dependence as a potential 
mechanism enhancing body size of the larger sex (Bonduriansky 2007). Interestingly, other 
studies suggest that this mechanism may operate in species in which females are the larger 
sex. For example, in a survey on insects it was found that in most species females are larger 
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than males, and females increase size relatively faster than males when environmental 
conditions are better (Teder and Tammaru 2005). Likewise, SSD of the Moroccan turtle 
(Mauremys leprosa) from 3 populations found in low- medium-, and high-productivity rivers 
(Lovich et al. 2010) was un-biased, female-biased, and extremely female-biased, 
respectively. Interestingly, there were no differences among mean body size of males of all 3 
sites, but mean body size of females varied across sites and resulted in the contrasting SSD 
patterns. Thus in the Moroccan turtle, the female (typically the larger sex) was the sex 
responsible for the SSD variability but such variability was associated with the interaction of 
natural and sexual selection (Lovich et al. 2010). Therefore, the question remains open as to 
whether such greater plasticity is an intrinsic function of being the larger sex or of maleness. 
Discerning between these alternatives requires examining the plasticity patterns as done here 
but in a species where females are the larger sex. Indeed, if in female-biased SSD species 
females exhibit increased plasticity it would indicate that the larger sex is the one driving 
SSD evolution (Bonduriansky 2007) irrespective of which sex is larger. On the other hand, if 
males of female-larger species exhibit increased plasticity, it would indicate that males drive 
the evolution of SSD irrespective of the SSD pattern, as has been previously suggested 
(Fairbairn and Preziosi 1994). Alternatively, if there were no differences in growth plasticity 
between the sexes in female-larger species, sex-specific plasticity would be ruled out as a 
mediator of sexual dimorphism in female-larger species. Thus, further experimentation on 
sex-specific plasticity of female-biased species is warranted. 
Notably, in our study we found that male snapping turtles grew larger under the 
scarce-food treatment as compared to the abundant-food treatment. This result is unexpected 
if more food constitutes more optimal conditions for growth enhancement, for which the 
larger sex could take advantage of (Bonduriansky 2007). Similarly, the Yarrow's spiny lizard 
(Sceloporus jarrovi) exhibits male-biased SSD in the wild, but the level of dimorphism is 
reduced under common garden conditions where resources are likely less limiting than in the 
wild (Cox et al. 2006). Enhanced male growth under lower resource availability may stem 
from higher acquisition rates by males, perhaps derived from a more aggressive behavior 
under food scarcity than in females, or from lower allocation tradeoffs suffered by males as 
compared to females under limited resources (John-Alder and Cox 2007). In terms of a 
proximate physiological mechanism, our observations in snapping turtles and those in 
 24 
Sceloporus jarrovi are consistent with the hypothesis that testosterone, a hormonal sex-
specific developmental regulator (Badyaev 2002), enhances growth of males in male-biased 
species (Cox and John-Alder 2005; Cox et al. 2009). Food abundance may override the effect 
of testosterone in some taxa (John-Alder et al. 2007), and it may explain the difference 
detected in snapping turtles between lower- and higher-food conditions. On the other hand, 
we found that female snapping turtles grew larger under the abundant-food treatment. 
Likewise, females of the male-larger diamondback rattlesnake (Crotalus atrox) grew larger 
than males under a high-intake treatment in captivity (Taylor and Denardo 2005). This may 
reflect more efficient food utilization by snapping turtle females than by males, perhaps 
resulting from fecundity selection (Andersson 1994) given that the number of eggs a female 
turtle produces increases with body size in snapping turtles (Congdon et al. 2008), other 
turtle species (Iverson and Moler 1997; Valenzuela 2001b), and numerous other vertebrates 
and invertebrates (reviewed in Andersson 1994). We speculate that such higher female 
efficiency in food utilization would be precluded when resources are limited and particularly 
more if it were true that males do indeed outcompete females under lower food conditions. 
Further experiments are required to test these hypotheses directly. 
While water temperature and incubation temperature are known to have a significant 
effect on body size in some species (Janzen 1993; Valenzuela 2001b; Arendt and Hoang 
2005) these factors do not seem to affect growth of sexes differentially in snapping turtles 
(our study) or in other taxa (Stillwell et al. 2007, Arendt 2006). Resource availability (i.e. 
food) is one of the environmental factors that can affect SSD plasticity the most (Cox and 
Calsbeek 2009; Stillwell et al. 2010). Notably, the disparity of sex-specific responses 
observed here under differing environmental treatments indicates that caution is needed when 
interpreting results from a single homogenous treatment in captivity as such uniform 
environmental settings may obscure plastic responses existing in the wild. Indeed, the use of 
multiple environmental treatments can uncover growth variability that organisms can 
potentially exhibit in response to varying habitats in nature.  
Sex-specific plasticity on sexual shape dimorphism 
Interestingly, we found evidence of differential plasticity for sexual size dimorphism 
but not for sexual shape dimorphism. Thus, responses of males and females to different 
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environments can be divergent for a phenotypic trait (e.g. body size) but parallel for another 
phenotype (e.g. body shape). Such parallelism may derive from the sexes sharing selective 
pressures, or from genetic or functional constraints (Hendry et al. 2006). Our results on 
sexual shape dimorphism contrast with those reported for wild-caught guppies (Poecilia 
reticulata), where sexual shape dimorphism varied with water flow, canopy cover and 
predation (Hendry et al. 2006), though it was unknown if such interactions between sex and 
environments were the result of genetic variation or a plastic response. If it were true that 
testosterone mediates the sex-specific plasticity observed in our study by enhancing male 
growth, then the lack of sex-specific plasticity in shape would indicate that the role of 
testosterone is not pervasive in all aspects of morphology. 
Growth plasticity 
Water temperature produced the strongest effect on body size, with colder 
temperatures retarding growth rates and warmer temperatures accelerating growth rates. 
Although snapping turtles do not regularly bask in the wild, they do thermoregulate by 
moving and selecting a preferred water temperature between 24 and 28 ºC both in the wild 
and in captivity (Spotila and Bell 2008), which encompasses the temperature of the warmer-
water treatment used in our study. There is a positive relationship between temperature and 
the rate of food ingestion and digestion, which is conducive to enhanced growth (reviewed in 
Spotila and Bell 2008), and consistent with our findings. The relative lower growth rate from 
our colder-water treatment is also observed in the wild as snapping turtles barely grow during 
the winter in Iowa (Christiansen and Burken 1979).  
Interestingly, the effect of incubation temperature on growth was strong, yet it was 
reversed with time. While the warmest incubation temperature (28 ºC) was associated with 
larger plastrons at hatching, these individuals became the smallest by 15 months of age. 
Similar changes in the pattern of size differences with age from those induced by incubation 
temperature and discernable at hatching have been observed in other taxa. For instance a 
compensatory growth response by smaller hatchlings was reported in giant Amazonian 
turtles (Podocnemis expansa) (Valenzuela 2001b), and alligator snapping turtles 
(Macrochelys temminckii) (Ligon and Lovern 2009). The effect of incubation temperature on 
the growth of C. serpentina is not as clear as this study and others have reported mixed 
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results. For example, in one study low-temperature (24 ºC) hatchlings were smaller and 
exhibited higher growth rates during the first 6 months of age than the high-temperature 
hatchlings (29 ºC) (Rhen and Lang 1995), consistent with our findings. However, in another 
study hatchlings from 25.5 ºC were heavier and exhibited higher growth rates during the first 
10 months of life than those incubated at 22 ºC and 29 ºC (Bobyn and Brooks 1994b). 
Discrepancies may reflect differences in the parameters used to measure growth between 
studies (plastron size and body mass), or potential interactions among specific incubation 
temperatures, hydric incubation conditions, clutch of origin, or other maternal effects (Bobyn 
and Brooks 1994b).  
Food quality and quantity differed in their effect on growth. Food quantity affected 
body size (differentially between sexes) but not body shape, while food quality strongly 
affected carapace shape, but not size. Snapping turtles are carnivorous and scavengers in the 
wild (Ernst et al. 1994). If fish carrion has a protein content of about 20% (Parmenter and 
Avery 1990), then our diets may have had a higher protein content (35% and 43%) than those 
experienced in the wild. Nevertheless, in this study snapping turtles grew below and above 
the growth rates experienced in the wild (Christiansen and Burken 1979). For instance, in the 
colder-water treatments turtles grew to an average of 40 gr /year, and in the warmer-water 
treatments they grew to an average of 160 gr/year, while in the wild juveniles grow at a rate 
of 145 gr/year (Congdon 1989). 
Sexual size and shape dimorphism 
Males were larger than females at hatching and this effect was independent of 
incubation temperature, as indicated by the non-significant sex by incubation temperature 
interaction. Furthermore, although sex and incubation temperature effects are potentially 
confounded in our experiments, previous work on Chelydra serpentina in which the effects 
of temperature and sex were experimentally disentangled by hormonal manipulation 
demonstrated that temperature, and not sex, affected growth in this species (Rhen and Lang 
1994, Rhen et al. 1996). However, we detected no sexual size dimorphism in juveniles, 
similar to what occurs in nature, where males and females grow at the same rate during the 
first 3 years of life, after which males growth faster relative to females (Christiansen and 
Burken 1979). Larger body size in hatchling snapping turtles has been associated with greater 
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survivorship, supporting the “bigger is better” hypothesis (Janzen 1993). Other studies 
however, have not detected advantages of larger body size in hatchlings or juveniles before 
reaching maturity (Congdon et al. 1999).  
On the other hand, sexual shape dimorphism was evident at hatching and at 15.5-
months of age in this study. The adaptive significance of SShD at these early life stages is 
less clear than during adulthood. For example, adult snapping turtles have sexually dimorphic 
activities (Brown and Brooks 1993). Males engage in male-male combat (Brown and Brooks 
1993), for which carapace would be expected to be wider than in females (Mann et al. 2006) 
as we found here mainly at the shoulder level (figure 7). Likewise, females engage in nesting 
for which plastron would be expected to be wider than in males (Bonnet et al. 2001), as 
observed in juveniles in our study (figure 6). Thus, the sexual shape dimorphism detected in 
hatchlings is consistent with that found in adults and may simply be present as a precursor to 
the adult dimorphism without conferring an advantage at early life stages. However, other 
studies have found that Trachemys scripta turtle hatchlings with shorter and wider plastron 
swim faster (Myers et al. 2007), thus further studies on the functional significance of sexual 
shape dimorphism in C. serpentina hatchlings would be useful. Finally, because sexual shape 
dimorphism was evident in plastron, but not in carapace of hatchlings, plastron shape should 
provide a more powerful signal for sexing hatchlings using geometric morphometrics as done 
in other turtles (Valenzuela et al. 2004). 
Finally, the effect of initial egg weight on body size lasted until the 8th month, while 
the effect of initial egg size on body shape lasted until the end of this experiment. Though 
food intake was not individually measured, this observation suggests that the hatchlings’ 
reliance on yolk reserves is crucial for hatchling growth and females may affect offspring 
body size early in life via maternal allocation, but after the 8th month juveniles rely 
increasingly on environmental resources and maternal effects fade (figure 8). The effects of 
initial egg size on body shape on the other hand, appear to be longer-lasting, at least in the 
plastron. 
In conclusion, we have found evidence to support the condition dependence 
hypothesis in which the larger sex, males in snapping turtles, enhanced its body size 
compared to the smaller sex. Thus differential plasticity appears to be a proximate 
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mechanism underlying SSD evolution by sexual selection. Alternatively, if greater plasticity 
is an inherent property of the larger sex, then the differential plasticity may also be a 
proximate mechanism underlying SSD evolution by fecundity selection. Further parallel 
studies in female-larger species are required to discern between what exactly is being favored 
(sex or size) by the condition dependence hypothesis.  
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Table 1. Summary statistics of incubation temperatures, hatching success and sex ratios (% 
male) of Chelydra serpentina obtained this study. Variation in incubation temperatures from 
set values caused high egg mortality at the 31ºC treatment and sex ratio deviations from those 
expected under constant temperature conditions. †All hatchlings from 31ºC were deformed, 
died before 2 months, and were excluded from the study. Hatchlings from the 26 ºC and 28 
ºC incubation treatments (n = 252) were re-classified into three new experimental groups 
based on the actual mean temperature they experienced, referred as 26-, 27- and 28 ºC-bin 
(see methods section for details). 
 
Incubator 
setting 
(ºC) 
Actual temp 
average (ºC) 
Actual 
temp range 
(ºC) 
Initial 
egg 
number 
Hatching 
success 
% (n) 
Sex ratio 
(% male) 
(n) 
Number of 
hatchlings 
with 
undetermined 
sex 
26 26.03 25.6 - 26.7 223 75.5% (153) 85% (117) 36 
28 27.49 26.9 - 28.2 222 84.7% (171) 33% (135) 36 
31 31.97 27.0 - 35.5 225 15.2% (31†) 100% (2) 29 
Total   670 100% (355) (254) 101 
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Table 2. MANCOVA results of final models of sex, environmental, and maternal effects on 
carapace and plastron shape of hatchlings and juveniles of Chelydra serpentina. FoodQl = 
food quality, IncTemp = incubation temperature, WaterTemp = water temperature, Df = 
degrees of freedom, num = numerator, den = denominator. 
 
 Factor / Interaction Df Wilks Approx. F Df (num, den) P Pairwise comparisons 
HATCHLINGS:       
Carapace shape:       
Sex 1 0.7648 1.3171 46, 197 0.1024  
IncTemp (ºC) 2 0.5174 1.671 92, 394 0.0004 26 ≠ 28 (P=0.0001), 
27 ≠ 28 (P=0.0035), 
26 = 27 (P=0.0560) 
Egg weight 1 0.5269 3.8449 46, 197 <0.0001  
Residuals 242      
Plastron shape:       
Sex 1 0.744 2.2684 32, 213 0.0003  
IncTemp (ºC) 2 0.5731 2.1329 64, 426 <0.0001† 26 = 28 (P=0.0384), 
27 = 28 (P=0.0932), 
26 = 27 (P=0.1204) 
Egg weight 1 0.6492 3.596 32, 213 <0.0001  
Residuals 244      
JUVENILES:       
Carapace shape:       
Sex 1 0.5195 1.9099 46, 95 0.0041  
IncTemp (ºC) 2 0.3072 1.6611 92, 190 0.0018 26 ≠ 28 (P=0.0017), 
27 ≠ 28 (P=0.0010), 
26 = 27 (P=0.7925) 
WaterTemp 1 0.349 3.8521 46, 95 <0.0001  
FoodQl 1 0.3746 3.4482 46, 95 <0.0001  
Egg weight 1 0.5573 1.6408 46, 95 0.0217  
Residuals 140      
Plastron shape:       
Sex 1 0.6016 2.2349 32, 108 0.0011  
IncTemp (ºC) 2 0.4722 1.5364 64, 216 0.0124 26 = 28 (P=0.2711), 
27 ≠ 28 (P=0.0150), 
26 = 27 (P=0.1274) 
WaterTemp 1 0.4149 4.7596 32, 108 <0.0001  
FoodQl 1 0.7018 1.4341 32, 108 0.0881  
Egg weight 1 0.4574 4.0032 32, 108 <0.0001  
WaterTemp × FoodQl 1 0.6583 1.7516 32, 108 0.0176 All P > 0.03 
Residuals 139      
 
† Because incubation temperature had a highly significant effect on plastron shape, but none of the 
pairwise comparisons were significant at the Bonferroni-corrected alpha, significance was reassessed 
via a non-parametric (permutational) MANCOVA using the Vegan library in R software (P = 0.044). 
This method is capable of identifying a significant effect even when there is a large number of 
dependent variables (Anderson 2001).This result implies that there is a weak signal for the effect of 
incubation temperature on plastron shape and explains why pairwise comparisons found no 
differences among groups.
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Table 3. ANCOVA results of final models of sex, environmental, and maternal effects on 
carapace and plastron size of Chelydra serpentina. Mean size of the groups are shown if the 
main factor is significant. Abbreviations as in table 2. FoodQtt = food quantity, Water Temp: 
C=cold, W=warm; Sex: F=female, M=male, H=high food quantity, L=low food quantity. 
 
Factor / 
Interaction Df Sum sq Mean sq 
F 
value P 
Mean 
group 
Pairwise 
comparisons 
HATCHLINGS:        
Carapace size:        
Sex 1 41.07 41.07 7.9 0.0054 F: 54.534, 
M: 55.362 
 
IncTemp (ºC)  2 9.62 4.81 0.9 0.3992   
EggWeight 1 1904.29 1904.29 365 <0.0001   
Residuals 244 1272.73 5.22     
Plastron size:        
Sex 1 0.3 0.3 0.2 0.6698   
IncTemp (ºC)  2 32.31 16.16 9.9 <0.0001 26: 34.96, 
27: 34.88, 
28: 35.68 
26 ≠ 28 (P=0.003), 
27 = 28 (P=0.0012), 
26 = 27 (P=0.6851) 
EggWeight 1 986.02 986.02 603.4 <0.0001   
Residuals 244 398.7 1.63     
JUVENILES:        
Carapace size:        
Sex 1 762 762 2.0 0.1604   
IncTemp (ºC) 2 12,086 6,043 15.8 <0.0001 26: 116.86, 
27: 131.05, 
28: 105.15 
26 = 28 (P=0.5029), 
27 = 28 (P=0.0312), 
26 ≠ 27 (P=0.0125) 
WaterTemp 1 88,527 88,527 231.4 <0.0001 W: 144.57, 
C: 92.67 
 
FoodQtt 1 330 330 0.9 0.3549   
IncTemp×Water
Temp 
2 2,705 1,352 3.5 0.0318†  All P > 0.02 
Sex×FoodQtt§ 1 2,219 2,219 5.8 0.0173  M-L to M-H=15.9 
(P=0.0673), F-L to 
F-H=9.9 (P=0.0531) 
Residuals 138 52,801 383     
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Table 3. (continued) 
 
Factor / 
Interaction Df Sum sq Mean sq 
F 
value P 
Mean 
group 
Pairwise 
comparisons 
Plastron size:        
Sex 1 315 315 2.1 0.1513   
IncTemp (ºC) 2 4508 2254 14.9 <0.0001 26: 70.75, 
27: 79.24, 
28: 63.81 
26 = 28 (P=0.5667), 
27 = 28 (P=0.0476), 
26 ≠ 27 (P=0.0140) 
WaterTemp 1 34314 34314 227.1 <0.0001 W: 88.40, 
C: 56.31 
 
FoodQtt 1 77 77 0.5 0.4752   
IncTemp×Water
Temp 
2 1120 560 3.7 0.027‡  All P > 0.01 
Sex×FoodQtt 1 1092 1092 7.2 0.0081  M-L to M-H=9.9 
(P=0.0531), F-L to 
F-H=7.86 (P=0.025) 
Residuals 138 20848 151     
 
Note: When analyses were repeated with mixed effect model two P values were non-significant at 
alpha = 0.05: †P = 0.0798, ‡ P = 0.0557. §The interaction Sex×FoodQtt was also tested using linear 
carapace length (mm) and it was also significant (P=0.0228), with group means (means with different 
letters are significantly different): male-low = 75.7 (A), female-low=65.4 (B), male-high=66.6 (B), 
female-high=71.7 (A, B).
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Table 4. Ontogeny of the interaction between sex and food quantity on carapace and plastron 
size of Chelydra serpentina at 0.5, 2, 3, 4, 6.5, 8.5, 10, 12 and 15.5 months of age. FoodQtt = 
food quantity. 
 
Factor / Interaction F value Df P 
Carapace size:    
Age 426.26 8 <0.0001 
Sex 6.87  0.0297 
FoodQtt 6.40  0.0500 
Age × Sex 0.24 8 0.9828 
Age × FoodQtt 0.84 8 0.5906 
Sex × FoodQtt 25.96  <0.0001 
Age × Sex × FoodQtt 5.20 8 <0.0001 
Residuals  729  
Plastron size:    
Age 357.4068 8 <0.0001 
Sex 5.8945 1 0.0153 
FoodQtt 4.5356 1 0.0333 
Age × Sex 0.4016 8 0.9201 
Age × FoodQtt 0.8945 8 0.5202 
Sex × FoodQtt 24.8621 1 <0.0001 
Age × Sex × FoodQtt 5.0268 8 <0.0001 
Residuals  1779  
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Table 5. Post hoc pairwise comparisons of the interaction of age by sex by food quantity on 
carapace and plastron size of Chelydra serpentina at 0.5, 2, 3, 4, 6.5, 8.5, 10, 12 and 15.5 
months of age (figure 9). Fem = female, high = high food quantity, low = low food quantity. 
 
Group (mean size) Group (mean size) Euclidean distance between groups P 
Carapace size:    
0.5-fem-high (54.10) 0.5-fem-low (54.88) 0.78 0.9155 
0.5-male-high (55.09) 0.5-male-low (55.37) 0.28 0.9698 
2-fem-high (56.05) 2-fem-low (56.66) 0.60 0.9249 
2-male-high (57.04) 2-male-low (57.88) 0.84 0.9055 
3-fem-high (55.15) 3-fem-low (55.80) 0.65 0.9234 
3-male-high (56.19) 3-male-low (57.02) 0.83 0.9034 
4-fem-high (55.74) 4-fem-low (55.85) 0.11 0.9891 
4-male-high (56.98) 4-male-low (57.60) 0.62 0.9135 
6.5-fem-high (66.86) 6.5-fem-low (65.24) 1.62 0.7698 
6.5-male-high (66.47) 6.5-male-low (69.61) 3.14 0.6622 
8.5-fem-high (82.87) 8.5-fem-low (75.26) 7.61 0.1862 
8.5-male-high (78.83) 8.5-male-low (84.01) 5.19 0.2630 
10-fem-high (97.30) 10-fem-low (89.02) 8.28 0.0465 
10-male-high (89.21) 10-male-low (100.20) 10.99 0.0794 
12-fem-high (103.82) 12-fem-low (92.56) 11.26 0.0125 
12-male-high (95.74) 12-male-low (106.65) 10.91 0.0505 
15.5-fem-high (120.61) 15.5-fem-low (109.91) 10.70 0.0167 
15.5-male-high (111.29) 15.5-male-low (126.84) 15.55 0.0173 
Plastron size:    
0.5-fem-low (35.28) 0.5-fem-high (34.84) 0.43 0.9169 
0.5-male-low (35.31) 0.5-male-high (34.90) 0.41 0.9298 
2-fem-low (35.99) 2-fem-high (35.67) 0.32 0.9369 
2-male-low (36.65) 2-male-high (35.87) 0.78 0.8699 
3-fem-low (35.78) 3-fem-high (35.18) 0.59 0.8603 
3-male-low (36.44) 3-male-high (35.55) 0.89 0.8613 
4-fem-low (35.68) 4-fem-high (35.62) 0.06 0.9872 
4-male-low (36.74) 4-male-high (36.0) 0.74 0.8629 
6.5-fem-low (41.05) 6.5-fem-high (40.23) 0.82 0.7705 
6.5-male-low (43.25) 6.5-male-high (41.26) 2.00 0.7824 
8.5-fem-low (50.97) 8.5-fem-high (57.17) 6.19 0.1619 
8.5-male-low (56.50) 8.5-male-high (54.28) 2.22 0.2798 
10-fem-low (51.64) 10-fem-high (59.72) 8.08 0.0187 
10-male-low (60.31) 10-male-high (55.23) 5.08 0.0571 
12-fem-low (55.85) 12-fem-high (61.75) 5.90 0.0360 
12-male-low (63.43) 12-male-high (57.31) 6.12 0.0960 
15.5-fem-low (67.54) 15.5-fem-high (74.26) 6.72 0.0262 
15.5-male-low (77.95) 15.5-male-high (67.54) 10.41 0.0156 
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Figure 1. Experimental design used in this study. Treatments (24 in total) were obtained by 
the combination of three incubation temperatures (as measured from dataloggers during 
incubation), two water temperatures, two food qualities and two food quantities (% body 
weight). n = sample size. 
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Figure 2. Location of 25 landmarks (filled circles) digitized on the carapace (A) and 18 
landmarks digitized on the plastron (B) of Chelydra serpentina. 
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Figure 3. Combination of reaction norms illustrating the potential responses of the two sexes 
(lines) to two hypothetical environments (1 and 2). Different letters (A, B, C, D) indicate 
different phenotypes. Body size can vary in only in magnitude, while body shape can vary in 
magnitude and direction (different slopes). I: growth is sex-specific but not plastic (sexes 
have different phenotypes which do not change with environment); II: growth is plastic but 
not sex-specific (males and females have the same phenotype and it changes equally with 
environment); III: growth is plastic and sex-specific (sexes have different phenotypes and 
they change equally with environment). Scenarios IV a-d represent interactions between sex 
and environment, that is, when growth is plastic and sex-specific, and the phenotype of each 
sex changes in different ways depending on the environment (slopes are different). Namely, 
IV-a: one sex exhibits a plastic phenotypic response but the other does not; IV-b: both sexes 
exhibit a plastic response which in differs in magnitude and/or direction; IV-c: both sexes 
exhibit a plastic response of identical magnitude but in opposite directions which reverses the 
SSD or SShD pattern but maintains its magnitude; and IV-d: both sexes exhibit a plastic 
response which differs in magnitude and is in opposite directions which reverses the SSD or 
SShD pattern and changes the magnitude of the sexual dimorphism. 
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Figure 4. Thin-plate spline deformation grids illustrating the effect of incubation temperature 
on carapace (panel A) and plastron (panel B) shape of Chelydra serpentina at 0.5 and 15.5 
months of age. Deformation grids were magnified 5x for visualization purposes. Gray arrows 
indicate direction of change. P = P values corresponding to the significance of the differences 
among incubation temperatures at each age. Groups that differ significantly are denoted by 
different letters. Individual’s heads are located on the right side of each grid.  
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Figure 5. Deformation grids depicting the carapace (panel A) and plastron (panel B) shape at 
15.5 months of Chelydra serpentina juveniles reared under cold and warm water. Gray 
arrows indicate differences in the direction of growth, P= P values corresponding to the 
significance of the differences between treatments. Deformation grids were magnified 5x for 
visualization purposes. Individual’s heads are located on the right side of each grid.  
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Figure 6. Deformation grids depicting the carapace (panel A) and plastron (panel B) shape at 
15.5 months of Chelydra serpentina juveniles provisioned with two food quality diets. Gray 
arrows indicate differences in direction of growth, P= P values corresponding to the 
significance of the differences between treatments. Deformation grids were magnified 5x for 
visualization purposes. Individual’s heads are located on the right side of each grid.  
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Figure 7. Deformation grids depicting the carapace (panel A) and plastron (panel B) shape 
changes of Chelydra serpentina males and females between 0.5 and 15.5 months of age. 
Gray arrows indicate differences in direction of growth, P = P values corresponding to the 
significance of the differences between males and females at each age.  Deformation grids 
were magnified 5x for visualization purposes. Individual’s heads are located on the right side 
of each grid.  
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Figure 8. Reaction norm illustrating the response of carapace size (panel A) and plastron size 
(panel B) of 15.5 month-old Chelydra serpentina males and females to two food quantity 
treatments. D = Euclidean distance (magnitude of vector), P = P value corresponding to the 
significance of pairwise comparison. Bonferroni-corrected alpha (0.05 / 6) = 0.0083. 
 
 
 
 
 
 
 
  
 
 
 
 
 47 
  
 
Figure 9. Ontogeny of the response of carapace size of Chelydra serpentina males and 
females to two food quantity treatments during the first 15.5 months of life. Euclidean 
distances (magnitude of each vector) and their significance are presented in table 5. 
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Appendix 1. Ingredients and nutritional composition of the two types of turtle food (Zoo Med 
Lab) with relatively higher and lower quality used in this study (source: 
http://www.zoomed.com downloaded on Sept 15, 2010). 
 
  
Higher quality food 
(Hatchling food®) 
Lower quality food 
(Growth food®) 
Ingredients: Fish Meal, Blood Meal (flash 
dried, non-ruminant), Poultry 
By-Product Meal, Soybean 
Meal, Wheat, Wheat Flour, Fish 
Oil, Soy Lecithin, L-Ascorbyl-
2-Polyphosphate (source of 
Vitamin C), Choline Chloride, 
Vitamin E Supplement, Niacin 
Supplement, Calcium 
Pantothenate, Riboflavin, 
Thiamine Mononitrate, Biotin, 
Pyridoxine Hydrochloride, 
Folic Acid, Vitamin A Acetate, 
Vitamin D3 Supplement, 
Vitamin B12 Supplement, 
Manganese Sulfate, Zinc 
Sulfate, Ferrous Sulfate, Copper 
Sulfate, Sodium Selenite, 
Potassium Iodate, Propionic 
Acid (a natural preservative). 
Soybean Meal, Wheat Flour, 
Fish Meal, Wheat Middlings, 
Corn Gluten Meal, Spirulina, 
Fish Oil, Soy Lecithin, 
Dicalcium Phosphate, L-
Ascorbyl-2-Polyphosphate 
(source of Vitamin C), Choline 
Chloride, Vitamin E 
Supplement, Niacin 
Supplement, Calcium 
Pantothenate, Riboflavin, 
Thiamine Mononitrate, Biotin, 
Pyridoxine Hydrochloride, 
Folic Acid, Vitamin A Acetate, 
Vitamin D3 Supplement, 
Vitamin B12 Supplement, 
Manganese Sulfate, Zinc 
Sulfate, Ferrous Sulfate, Copper 
Sulfate, Sodium Selenite, 
Potassium Iodate, Propionic 
Acid (a natural preservative). 
Composition (%):   
Crude Protein 
(Min) 
43 35 
Crude Fat (Min) 10 5 
Crude Fiber (Max) 3 5 
Moisture (Max) 11 11 
Ash (Max) 13 10 
Phosphorus (Min) 1 1 
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CHAPTER 3. GROWTH PLASTICITY AND THE EVOLUTION OF SEXUAL 
DIMORPHISM IN TURTLES 
 
ABSTRACT 
Differential growth plasticity between sexes has been proposed as an important 
mechanism affecting sexual size dimorphism, and to help shape the macroevolutionary 
pattern across species known as Rensch’s rule. However, while some studies predict that the 
evolution of SSD is driven by a faster body size change of males than females as predicted 
by the Rensch’s rule model, other studies have suggested that SSD evolution is driven by the 
larger sex (males in species with male-biased SSD and females in species with female-biased 
SSD). Here we test if growth plasticity enhances, inhibits or is independent of body size 
while accounting for the SSD pattern, and thus if it is a mechanism underlying the evolution 
of SSD, by contrasting new data from a female-biased SSD species with previous data from a 
male-biased SSD species. Podocnemis expansa turtles (female-biased SSD) were raised in 
captivity for 2 years under a common garden experiment and body growth of males and 
females was periodically monitored. We found that body size and shape was plastic and 
sexually dimorphic, but plasticity did not differ between sexes. Comparing results from this 
and a previous experiment in Chelydra serpentina turtles (male-larger SSD) suggests that 
body size plasticity is neither specific to males nor to the larger sex. Instead, we find 
evidence for the hypothesis that plasticity has species-specific effects, as males of the male-
biased SSD species exhibited greater plasticity than females but no differences in plasticity 
levels were detected between the sexes in the female-biased SSD species. Thus we found not 
support for differential growth plasticity as a general mechanism underlying the 
macroevolutionary patterns of sexual dimorphism described by Rensch’s rule in turtles. We 
discuss potential hormonal mechanisms associated with our findings and make predictions 
about which taxa may or may not follow Rensch's rule. 
INTRODUCTION 
An individual’s morphology can influence its fecundity and/or survival, thus affecting 
the fitness and evolution of organisms. The difference in body size and shape between males 
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and females in particular (sexual size dimorphism, SSD and sexual shape dimorphism, 
SShD), is widespread in nature, and is affected by various ultimate forces, such as sexual 
selection (via male-male combat or increased mobility of males), fecundity selection, or 
natural selection (Berry and Shine 1980; Andersson 1994; Bonnet et al. 2001; Valenzuela 
2001b; Butler et al. 2007; Cox and John-Alder 2007b; Kelly et al. 2008). Important 
macroevolutionary patterns in the distribution of SSD have been noted. One such pattern is 
known as Rensch’s rule (RR), which describes the increase in sexual size dimorphism with 
body size in species where males are larger, and the opposite trend in species where females 
are the larger sex (Rensch 1950, 1960; Abouheif and Fairbairn 1997). Extensive research 
demonstrates that size and shape can be highly responsive to environmental inputs (Packard 
et al. 1993; Rowe 1997; Butler et al. 2007; Rivera 2008; Lovich et al. 2010; Starostova et al. 
2010). In general terms, phenotypic plasticity can result in body size changes in three 
possible ways: (i) size enhancement: the larger sex will exhibit a relatively greater plastic 
response compared to the smaller sex, such that its body size is enhanced proportionally 
more than that of the smaller sex. (ii) size hindering: the larger sex will exhibit a relatively 
lesser plastic response compared to the smaller sex, such that its body size is enhanced 
proportionally less than that of the smaller sex. (iii) no change in size: there will be no 
differences in plasticity between the sexes, such that there is no association between 
plasticity and body size. Each of these effects could be sex-specific (e.g. plasticity may 
mediate size enhancement if the larger sex is always the male, or always the female) or not, 
and the effect may be the same or not for species with alternative SSD (i.e. the effect may be 
general or species-specific).  
Indeed, a potential proximate mechanism underlying the development of sexual 
dimorphism is sex-specific growth plasticity, the differential growth response of males and 
females to the same environmental conditions (Fairbairn 2005). Two hypotheses have been 
proposed about how sex-specific plasticity may shape sexual dimorphism which differ in 
their expectation of the level of plasticity that should be exhibited by the larger sex compared 
to the smaller sex. (1) The adaptive canalization hypothesis predicts that the larger sex 
exhibits a reduced sensitivity to the environment as an avoidance mechanism to attaining a 
sub-optimal body size that may reduce its fitness. Insects provide evidence for this model 
(Fairbairn 2005; Fernández-Montraveta and Moya-Laraño 2007). (2) The condition 
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dependence hypothesis predicts that the larger sex exhibits increased sensitivity to the 
environment enabling it to take advantage of optimal growth conditions when encountered, 
thus attaining proportionally larger size than the smaller sex. Evidence for this model comes 
mainly from insects (Teder and Tammaru 2005; Bonduriansky 2007; Stillwell et al. 2010; 
Wyman et al. 2010), and from a few vertebrates. For instance, differential sex-specific 
growth responses to the environment (greater in males) were reported for the Yarrow’s Spiny 
Lizard (Sceloporus jarrovi) (Cox et al. 2006), the gecko (Paroedura picta) (Starostova et al. 
2010), and the Brown Anole lizard (Anolis sagrei) (Cox and Calsbeek 2010), and more 
recently, in the common snapping turtle (Chelydra serpentina) (Ceballos and Valenzuela in 
prep.). In this later study the larger sex (males) exhibited increased growth plasticity relative 
to the smaller sex, as shown by a steeper reaction norm during the first 15 months of life. All 
these vertebrates display a male-biased SSD. Experimental evidence supporting the sex-
specific growth plasticity via condition dependence is scarce for female-biased SSD 
vertebrates while it is common in insects (Teder and Tammaru 2005; Stillwell and Fox 
2007).  
Importantly, the role of plasticity in shaping sexual dimorphism and RR in turtles 
remains uncertain. While some models predict that male size evolves faster due to a greater 
overall plasticity than females (Rensch 1950; Fairbairn and Preziosi 1994; Fairbairn 2005; 
Starostova et al. 2010), geographic variation in SSD and mixed observations from the lab and 
the field in a few vertebrates indicate that females of female-larger vertebrates can be more 
plastic than males (John-Alder and Cox 2007; Lovich et al. 2010). Comparisons across 
species with contrasting patterns of sexual dimorphism are needed to address this question. A 
number of possible observed patterns and their evolutionary implications are possible (Table 
1), some of which are described here: (A) If plasticity plays a role in shaping patterns such as 
RR, then it is expected that males will exhibit greater plasticity in their body growth 
regardless of whether they are the larger or smaller sex (e.g., irrespective of SSD patterns). 
(B) Alternatively, if plasticity has a size enhancement effect but does not play a large role in 
shaping patterns such as RR, then it is expected that the larger sex of any given species with 
SSD will show greater plasticity in growth than the smaller sex. (C) If plasticity has a size 
hindering effect in general and does not play any role in shaping RR, then it is expected that 
the smaller sex of any given species with SSD (e.g., males in species with female-biased 
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SSD, or females in species with male-biased SSD) will show greater plasticity in growth than 
the larger sex. (D) If plasticity has no effect on size, is independent of sex, and is not 
involved in shaping RR, then it is expected that both sexes will exhibit similar levels of 
plasticity in body growth regardless of their SSD pattern. (E) Finally, if plasticity has a size 
enhancement effect in species with male-biased SSD, but has no effect on size in species 
with female-biased SSD, then phenotypic plasticity will not play any role in shaping 
Rensch's rule, and will be species-specific. Table 1 lists all possible combinations of 
observations and their interpretation for a comparison of species with male-biased SSD 
versus female-biased SSD species to test the role of plasticity in the development of sexual 
dimorphism and in the evolution of the RR pattern.  
Sexual shape dimorphism (SShD) is as widespread in nature as SSD (e.g. presence of 
male-only horns, male plumage), yet it has been relatively less studied particularly in species 
in which sexual dimorphism is not striking to the naked-eye (Andersson 1994; Fairbairn et al. 
2007). SShD may stem from both sexes responding differently to the same selective 
pressures (Butler et al. 2007) or from different selective pressures influencing each sex 
(Bonnet et al. 2001). For instance, in lizards environmental factors such as microhabitat 
characteristics may exert differential effects on the shape of males and females (Butler et al. 
2007), as abiotic habitat components and predation do in guppies (Hendry et al. 2006). 
Sexual selection may shape SShD in chelonians by favoring relatively longer limbs and 
lighter bodies in males compared to females, allowing for greater agility when searching for 
females (Bonnet et al. 2001). It may also favor relatively deeper notches in the plastron of 
males than in females, which would allow the limbs and tail to move more freely presumably 
enhancing mating success (Kaddour et al. 2008). Fecundity selection may favor a relatively 
wider carapace in female turtles that permits harboring larger clutches (Alho and Padua 
1982; Bonnet et al. 2001). Turtle shape is responsive to environmental factors such as the 
river water velocity (Rivera 2008), or habitat differences (Swingland et al. 1989). By 
examining plasticity levels of shape one can test whether SShD is the result of a differential 
response to the same selective pressure (if sex-specific plasticity is detected) or if SShD is 
more likely the result of distinct pressures that affect each sex (if both sexes exhibit the same 
level or absence of plasticity).  
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 Here we test the hypothesis that growth plasticity plays a significant role in the 
development of SSD and SShD, and in the evolution of interspecific patterns of sexual 
dimorphism, by examining turtles with opposite patterns of sexual size dimorphism. We 
carried out an experimental study using the giant Amazonian river turtle (Podocnemis 
expansa), which exhibits a marked female-biased SSD, and compared these data with those 
from a male-biased SSD turtle obtained from a parallel study on Chelydra serpentina turtles 
(Ceballos and Valenzuela in prep., see Chapter 1). Adult P. expansa males attain a linear 
carapace length (LCL) of 50 cm, while females reach a LCL up to 82 cm (Pritchard and 
Trebbau 1984; Soini 1997). Female size affects fecundity as larger females tend to produce 
more and larger eggs than small females (Alho and Padua 1982; Valenzuela 2001b). Clutch 
size varies from 26 to 184 eggs, with an average of 86 eggs at our study site in the Orinoco 
River (Soini 1997), permitting the allocation of clutch mates to multiple treatments to 
account for maternal effects. Podocnemis expansa also exhibits a marked SShD. At hatching, 
males have a carapace expanded in its central region resembling a “candy”, while females 
have a carapace constrained in the middle resembling a “peanut” (Valenzuela et al. 2004). As 
adults, the male carapace has a circular shape, and the plastron has a wider and deeper anal 
notch, while adult females have a relatively more oval carapace, and a superficial anal notch 
(Pritchard and Trebbau 1984). 
In this study we specifically tested if phenotypic plasticity (a) has a size enhancement 
effect in species with male-biased SSD (Ceballos and Valenzuela in prep, a), (b) has a size 
enhancement effect on the larger sex irrespective of the SSD type, or (c) has a species-
specific effect that does not correlate with macroevolutionary patterns of sexual dimorphism. 
These correspond to scenarios A, B, and E in Table 1, respectively. Additionally, in terms of 
SShD, we examined whether sex-specific plastic responses of shape existed in P. expansa or 
not, that would be indicative that the SShD in this species is the result of differential 
responses to the same selective pressures or to sex-specific selective pressures, respectively.  
 54 
MATERIALS AND METHODS 
Eggs collection and incubation 
In this study eggs from the giant Amazonian river turtles (Podocnemis expansa) were 
incubated and hatchlings were raised in a common garden setting following an experimental 
design similar to that of a previous study (Ceballos and Valenzuela in prep.). Incubation and 
posthatching experiments were carried out at the Experimental Field Station of FUDECI 
(Foundation for the Development of Physical and Natural Sciences) in Puerto Ayacucho, 
Amazonas state, Venezuela. Natural nests of P. expansa were collected at “La Playita” sand 
beach (6° 36’ N, 67° 07’W) located within the Arrau Turtle Wildlife Refuge, on the Orinoco 
River, Venezuela.  
A total of 570 freshly-laid eggs from 10 clutches were transported to FUDECI station on 
the same day. Once in the lab, eggs were cleaned, measured, and weighed. Eggs from each 
clutch were evenly but randomly allocated to one of three incubation temperatures: 30.5, 32.5 
and 34.5 ºC, which produce 100% males, 1:1 males and females, and 100% females, 
respectively (Valenzuela 2001a, 2001b). A total of 9 incubators were used, 3 per 
temperature. Eggs were incubated in boxes with sand collected from the Orinoco River (10 
per box), each containing one egg from each clutch. Sand moisture was maintained by the 
weekly replacement of lost weight from the existing level at the onset of incubation using 
distilled water (Valenzuela 2001a, 2001b). Boxes were rotated weekly to avoid the effects of 
potential thermal clines within incubators. Temperature was monitored hourly in each box 
using 2-3 dataloggers (Dallas Semiconductor iButton®) with 0.5 ºC precision.  
Hatchlings were incubated until emergence from the eggshell and reabsorption of the 
yolk was completed, at around 5-8 days of age. Hatchlings were then marked by notching of 
their carapace (Cagle 1939) at hatching, and reinforced by tagging with numbered 5/8-inch-
long monel tags at 5 months of age (National and Band and Tag Co.). 
Posthatching common garden experiment 
Hatchlings were distributed into 8 posthatching environmental treatments (figure 1) 
obtained by the combination of (A) two water temperatures: colder and warmer, (B) two food 
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qualities: higher and lower protein content, and (C) two food quantities: higher and lower 
amount as described below. Hatchlings were raised inside plastic-mesh enclosures (3 m long 
x 3 m wide x 1 m height), placed inside two outdoor cylindrical cattle water tanks (11.2 m of 
diameter, 1.5 m of height, and filled with 98 cubic meters of water). To achieve cooler water 
temperature one enclosure was shaded with a polyethylene cloth, while the other enclosure 
was exposed to direct sunlight to obtain a warmer temperature treatment. Four dataloggers 
were placed under water in both enclosures to register water temperatures every 2 hours for a 
year (data downloaded every 4 months). Water temperatures in the two tanks differed 
statistically (F = 53.05, df = 1, 7724, P <0.001): animals exposed to direct sunlight 
experienced warmer and more variable water temperatures (mean = 29.3 ºC, mode = 30 ºC, 
st. dev. = 2.8), while animals in the shaded enclosure experienced cooler and less variable 
temperatures (mean = 28.9 ºC, mode = 28.5 ºC, st. dev. = 1.77).  
Each enclosure was divided into 4 units (1.5 m long x 1.5 m wide x 1 m height) using a 
plastic mesh that allowed water exchange, but not food exchange. Two diet qualities were 
offered: a lower quality diet using commercial food “Cachamarina C” with 21% of protein, 
and a higher quality diet using commercial food “Trucharina 40” with 40% of protein 
(Protinal, Lab; see nutritional composition in appendix 1). Within each food quality treatment 
two levels of food quantity were used: lower and higher food amount corresponding to 2% 
and 8% of the total body weight of the group, respectively. During the second year the 
abundant food treatment was reduced from 8% to 4% of their body weight as it was noticed 
that 8% greatly exceeded ad libitum conditions. Animals in the 2% food treatment ate food 
readily after offered with no leftovers. All animals were usually fed 6 days per week, and 
water was replaced weekly. The combination of pre-hatching (incubation temperatures) and 
pos-hatching treatments resulted in a total of 24 environmental treatments. To account for 
potential maternal effects, eggs from each clutch were randomly distributed among these 24 
treatments following an incomplete randomized block design (Montgomery 1997).  
During the first month of this experiment, 24 hatchlings escaped the enclosures, and 
another 25 hatchlings with atypical number of scutes in their carapaces an/or plastrons were 
excluded from the study. Thus the posthatching experiment started with 285 hatchlings. Of 
these, 3 hatchlings died from unknown causes, and 62 turtles were stolen at 16 months of age 
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(the latter were included in analyses up to that age). Consequently 222 juveniles reach 25 
month of age by the end of the experiment. Animals were released into the Orinoco River as 
part of the head-start conservation program carried out by FUDECI. 
Shape and size quantification 
Carapace and plastron growth were monitored because it has been demonstrated that 
these components exhibit different levels of variation and ontogenetic trajectories among 
habitats and between sexes (Mosimann and Bider 1960; Rivera 2008; Ceballos and 
Valenzuela in prep, a). Size and shape were monitored at hatching and every 4 months until 
25 months of age. Photographs of the carapace and plastron of each individual were taken 
using an Olympus SP-500 UZ digital camera, and included a metric tape for scaling. A 
geometric morphometric approach was followed to quantify shell morphology and size. For 
this purpose, a total of 29 and 21 fixed landmarks were digitized on the carapaces and 
plastron respectively (figure 2). Landmarks were then subjected to a Generalized Procrustes 
Analysis (GPA) which, superimposes all configurations of landmarks to a common 
coordinate system while holding mathematically-constant the effects of position, orientation 
and scale (Rohlf and Slice 1990). Following superimposition, we obtained a set of 
multivariate shape variables (partial warp scores and uniform components), as well as a size 
measure (centroid size). Centroid size contains the information on size of carapace or 
plastron of each individual, and so it was used as a surrogate of carapace and plastron size 
(Bookstein 1991). To estimate the sex of individuals, an additional set of 7 fixed landmarks 
and 12 sliding landmarks were digitized along the anal notch on the posterior edge of the 
plastron (figure 1). Fixed landmarks are positioned on repeatable anatomical points (scutes 
intersections) and are not allowed to move during Procrustes superimposition, while sliding 
landmarks are digitized anywhere along the curve contour of the plastron and are allowed to 
move between adjacent landmarks such that they can capture better the shape of curved lines 
(Bookstein 1997). After landmark digitalization, three independent GPA (one for each set of 
carapaces, plastrons and anal notches) were performed. Shape variables (54 for carapaces, 38 
for plastrons, and 34 for anal notches), and a centroid size variable (1 for each body part) 
were obtained from each analysis. 
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Sexing technique 
Individuals were sexed using a geometric morphometric approach (Valenzuela et al 
2004) based on the shape of the anal notch. First, a two-factor MANOVA was used to 
determine if significant differences existed in the shape of the anal notch of males and 
females in a sample of 92 individuals sexed by gonadal inspection under a 40X dissecting 
microscope. Then, a discriminant function analysis was implemented using the shape 
variables as independent variables to define the multivariate function which provided the 
maximal discrimination between males and females, using the subset of 20% of the 
individuals for which sex was a priori determined by gonadal inspection.  The sex of the 
remaining individuals was then estimated using this discriminant function (see (Valenzuela et 
al. 2004). This procedure was repeated for individuals at 7 days, 5, 9, 13, 17, 21, and 25 
months, and the final sex estimation was carried out with 25 month old individuals, the age 
that provided the highest discriminating power and correct classification during cross-
validation (table 4). The experiment started with 285 hatchlings, 99 females and 186 males. 
Sex ratios (% male) by incubation temperature were 95% at 30.9 ºC (n = 94); 88% at 32.2 ºC 
(n = 99); and 22% at 33.7 ºC (n = 92). At the end of the experiment, there were 222 juveniles, 
75 females and 147 males. Sex ratios (% male) discriminated by incubation temperature 
were: 97% at 30.9 ºC (n = 68); 82%at 32.2 ºC (n = 82); and 19% at 33.7ºC (n = 72). 
Data analysis 
We first determined if body size and shape plasticity existed and whether it was sex-
specific in P. expansa. Secondarily, we determined whether size and shape plasticity of 
males was larger (Pm>Pf), smaller (Pm<Pf), or equal (Pm=Pf) to the size and shape plasticity 
of females. For this purpose we performed several univariate and multivariate analyses of 
variance on size and shape respectively (Sokal and Rohlf 2001). Potential maternal effects 
were accounted for by including egg weight (log-transformed) as a covariate in all models 
(Valenzuela 2001b). The main factors (independent variables) were considered in the full 
model in the following order: incubation temperature, water temperature, food quality and 
food quantity, plus all their 2-, 3-, 4-, and 5-way interactions. Carapace or plastron shape 
variables and size were treated as the response or dependent variable(s). We used two 
models: a linear model (package stats) and a mixed effects model (package nlme) (Pinheiro 
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and Bates. 2000) in R software v. 2.9.1 (R_Development_Core_Team 2010). The mixed 
effects model treats the environmental variables as fixed effects, and clutch as a random 
effect (Rhen and Lang 1995; Valenzuela 2001b). Models were performed at all ages 
independently (7 days, 5, 9, 13, 17, 21, and 25 months). 
Second, we tested for the presence of sexual size and shape dimorphism using 
M/ANOVA, with sex as the main factor, and size and shape of carapace and plastron as the 
response variables. Third, we tested for interactions between sex and any of the 
environmental factors (e.g., incubation temperature, water temperature, or food variables). To 
assert that one sex exhibits a greater plasticity than the other sex requires a significant 
interaction between sex and environment, and a significant difference in the magnitude 
and/or direction of change between sexes in at least two environments (for size and shape 
respectively). This would be reflected in significant differences in the slopes of the reaction 
norm (Sokal and Rohlf 2001; Ceballos and Valenzuela in prep, a).  
When significant interactions between environmental factors were found, further post 
hoc pairwise comparisons were performed using a residual randomization procedure (Collyer 
and Adams 2007; Adams and Collyer 2009). Briefly, this method allows testing for the joint 
effect of the factors by holding constant the residuals of the main factors while randomizing 
the residuals of the interaction. Assessment of the pairwise comparisons accounted for 
multiple comparisons by following the Bonferroni-correction method (Sokal and Rohlf 
2001). To visualize differences in growth due to sexual dimorphism or phenotypic plasticity, 
shapes of group means were calculated and depicted.  
RESULTS 
Clutch size, egg weight, incubation time, incubation temperature statistics, and 
hatching success are summarized in table 2. The anal notch was sexually dimorphic at all 
ages except at hatching (table 4). In particular, we found that the anal notch was sexually 
dimorphic (F = 14.7775, df = 34, 589, P <0.0001), that anal notch shape changes as turtles 
grow (F = 16.6910, df = 204, 3495, P <0.0001), and that such sexual shape dimorphism did 
not change with aging (i.e., the interaction sex × age was not significant: F = 1.0829, df = 
204, 3495, P = 0.2058). For sexing purposes, hatchlings at 25 months exhibited the highest 
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degree of dimorphism and permitted the highest discrimination between males and females 
(98.9%), the highest correct classification rates to sex for individuals with known sex 
(99.4%), and the highest cross-validation with individuals of known sex (75%) as determined 
by gonadal inspection (table 3). The higher discriminating power at 25 months indicate that 
overtime, the differences in the anal notch of males and females became more consistent and 
less variable even if the sexual shape dimorphism did not change with age.  
Maternal and environmental effects 
Egg weight had a significant effect on body size and shape of hatchlings and juveniles (tables 
4 to 7). Heavier eggs were associated with a larger carapace and plastron, as well as with 
heavier bodies at hatching (r = 0.7597, slope = 0.6045, P < 0.0001, n = 334). The effect of 
egg weight on body size lasted from hatching to the 5th month of age after which it 
disappeared. In contrast, the effect of egg weight on body shape was detected at hatching and 
continued through the 25th month of age. Lighter eggs were associated with relatively shorter 
carapaces, with a narrower shoulder region but a wider anal region. In contrast, heavier eggs 
were associated with relatively more elongated carapaces, with a wider shoulder region but a 
narrower anal region. The effect of egg weight on plastron shape was different. Lighter eggs 
were associated with relatively more elongated plastrons with an “hourglass shape”, while 
heavier eggs were associated with shorter and bulky plastrons. 
As with egg weight, the effect of incubation temperature was longer-lasting and 
stronger on body shape than on size (tables 4 to 7, figures 3, 4). Specifically, the lowest 
incubation temperature (30.9 ºC) resulted in a relatively shorter carapace and wider pectoral 
region resembling a “candy” shape, while the highest temperature (33.7 ºC) resulted in a 
carapace elongated cranio-caudally with a widened anal region and resembling a “peanut” 
shape. In turn, intermediate temperature 32.2 ºC produced the widest overall carapace (figure 
3). The effects of temperature on plastron shape were similar to those on carapace shape, but 
even more pronounced and longer-lasting. All 3 groups differed from each other at all times 
sampled. The most striking difference in plastron shape among temperatures was found 
around the umbilical scar (landmark 9, figure 4), which was displaced cranially in the lowest 
temperature, but caudally in the highest temperature. The intermediate temperature had a 
midway shape between the highest and the lowest temperatures, reflecting an average shape 
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in a phenotypic continuum. On the other hand, higher incubation temperatures were 
associated with a larger carapace and plastron relative to the intermediate and lower 
incubation temperatures. This effect however was observed intermittently (it was detected at 
hatching and around the end of the second year on carapace size, and from the end of the first 
year through almost the end of the second year on plastron size). 
Water temperature treatments had significant effects on body shape and size (tables 4 
to 7). Animals in the warmer-water treatment developed relatively more elongated and 
thinner mean carapace and plastron (figures 5, 6), and exhibited larger carapace and plastron 
mean size when compared to animals under the colder-water treatment. 
Food resources also affected body shape and size but in a more complex manner 
(tables 4 to 7, figures 7 to 10). A higher food quantity increased mean carapace and plastron 
size, and produced a relatively more elongated shape as compared to individuals in the lower 
food diet. On the other hand, higher protein food quality had a similar effect as higher food 
quantity. Mean carapace and plastron shape were relatively more elongated, as well as larger 
in size, when fed with the higher protein diet than with the lower protein diet. However these 
effects were not permanent. While effects on carapace shape were statistically significant 
through the second year, those on plastron shape disappeared and reappeared at different 
times during the second year. All food effects observed were independent of sex as no 
interaction between food quality or quantity and sex was detected. However a significant 
effect of the interaction between food quality and quantity was seen on shape and on size at 
some ages (tables 4 to 7). In particular, an abundant and high protein diet increased carapace 
and plastron size, but when food was scarce quality had no effect (figure 11). This was seen 
on carapace size from the 13th month onwards, and earlier on plastron size, from the 5th to the 
21st month. Besides size, individuals that received a higher quality and quantity of food were 
more elongated compared to individuals that received a lower quality and quantity (figure 
12). A significant interaction was also detected between food quantity and water temperature 
on carapace shape at 17 months of age. Carapace shape of individuals raised in colder water 
and fed with abundant food were elongated with a flared posterior edge, while those in colder 
water but fed less food had a wider carapace (“chubby”) and were caudally constrained 
(figure 13). 
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Ontogenetic allometry 
To better understand the changes of size and shape during early life, we additionally 
estimated the allometric growth of carapace and plastron through time. For this purpose we 
plotted the principal component (PC1) of carapace shape, which described 73.5 % of the total 
shape variation, on carapace size at all ages (figure 14). A reciprocal model was fitted (PC1 = 
0.1135 - 21.3457 * 1 / size) which was highly significant (R square = 0.96, F = 47,725, df = 
1, 1859, P< 0.0001). We repeated the procedure for plastron (figure 14). PC1 of plastron 
shape described 56.2 % of total variation, and a reciprocal model was fitted (PC1 = 0.0562 - 
8.8750 * 1 / size), which was also significant (R square = 0.87, F = 13,406, df = 1, 1930, P < 
0.0001). These data revealed that during the first year of life shape changed 
disproportionately more than size in the neonatal stage. During the second year the 
relationship was inverted such that body shape changed disproportionally less than size. 
Sexual size and shape dimorphism 
Sexual dimorphism was evident in carapace and plastron shape and size at hatching 
and thereafter until the 25th month of age (tables 4 to 7, figures 15 to 17). Females had a 
relatively larger and more elongated carapace with a wider anal region resembling a “peanut 
shape”. Males on the contrary, had a shorter carapace with a wider pectoral region and 
narrower anal region resembling a “candy shape”. However, these “peanut” and “candy” 
carapace morphologies slowly developed into shapes more resembling the adult morphology 
of males and females. By the end of the second year females had a relatively more elongated 
carapace with a more compressed anal region, while males had wider carapaces and were 
flared in the anal region. As in the case of incubation temperature, the effects of sex were 
more evident in the plastron than in the carapace. The plastron of females was larger and 
wider in its humeral and pectoral regions, but more pointed in its anal region making the anal 
notch small and shallow. In males, the pectoral region of the plastron was not as developed as 
in females, but the anal region was relatively wider and deeper as compared to females.  
Sex-specific plasticity  
Overall we have found high growth plasticity in P. expansa to all environmental 
factors, and high sexual dimorphism in the carapace and plastron at almost all ages evaluated, 
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yet the plasticity was not sex-specific as no interaction between sex and environment was 
found. This implies that the plasticity of males was similar to the plasticity of females for 
both size and shape (Pm = Pm). Thus, we found no evidence that differential plasticity is a 
mechanism underlying sexual size or shape dimorphism in P. expansa.  
DISCUSSION 
Understanding the forces underlying body size and shape variability between the sexes 
helps us understand the origin and maintenance of sexual dimorphism. Differential 
phenotypic plasticity between males and females has been proposed as an important 
mechanism affecting SSD in insects and vertebrates (Fairbairn 2005; Taylor and Denardo 
2005; Teder and Tammaru 2005; Bonduriansky 2007; Fernández-Montraveta and Moya-
Laraño 2007; Cox and John-Alder 2007b; Stillwell et al. 2010; Ceballos and Valenzuela in 
prep, a). Importantly, whether plasticity is a proximate mechanism responsible for the 
development of sexual dimorphism and of macroevolutionary patterns of SSD (e.g. RR) has 
not been elucidated, particularly in long-lived vertebrates such as turtles. While some studies 
support a model that predicts that the larger sex exhibits relatively larger growth plasticity 
compared to the smaller sex (Teder and Tammaru 2005; Bonduriansky 2007), others have 
supported a model suggesting that it is always the male that is predicted to exhibit increased 
body size plasticity compared to females (Fairbairn 2005). In a previous study, we found 
increased growth plasticity in males of Chelydra serpentina (Ceballos and Valenzuela in 
prep, a), a turtle with male-biased SSD, which did not permit distinguishing between these 
two hypotheses as both could explain the observed patterns. Here we studied the plasticity in 
shape and size of a female-larger chelonian, Podocnemis expansa, to tease apart if 
differential plasticity enhances body size of males or the larger sex in order to test broader 
predictions about the role that phenotypic plasticity plays in the development and evolution 
of SSD and SShD. We found that P. expansa exhibits a highly plastic response of body size 
and shape to temperature and resource availability and quality. Additionally, P. expansa 
showed a high level of sexual dimorphism in the carapace and plastron that became more 
consistent and less variable with age. Notably however, levels of plasticity were the same in 
males and females (Pm = Pm), unlike in C. serpentina that exhibited a clear greater plasticity 
in males (Pm > Pf) under similar experimental conditions as those used here (Ceballos and 
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Valenzuela in prep, a). Therefore, our data suggest that body size plasticity is neither 
inherent to males nor to the larger sex. Instead, our data support the hypothesis that levels of 
sex-specific plasticity may be species-specific and consequently rule out plasticity as a 
pervasive mechanism responsible for shaping interspecific SSD patterns as well as 
macroevolutionary patterns of sexual dimorphism such as Rensch's rule (case E in Table 1). 
We also found no differences in plasticity for shape in P. expansa indicating that sex-specific 
selective pressures must be responsible for the marked SShD present in this species, rather 
than being the result of differential responses to the same drivers (Fairbairn 2005; 
Bonduriansky 2007). 
What proximate mechanism could explain the greater plasticity that characterizes males 
in species with male-biased SSD while no differences are detected in female-biased SSD 
taxa? One possibility is a physiological mechanism like the bipotential role of testosterone, 
which has been shown to enhance growth of males in male-larger species but to hinder 
growth of males in female-larger species (Cox and John-Alder 2005). These studies 
experimentally manipulated circulating testosterone levels in males by castration and 
hormonal implants, and monitored growth of both sexes. For example, in Sceloporus jarrovi 
lizard, which exhibits male-biased SSD, castrated males grew more than control males and 
females (Cox et al. 2006). Likewise, in the garter snake, Thamnophis sirtalis, females have 
larger body size and larger jaw lengths than males, however, when males were castrated their 
body size and jaw grew even larger than those of females (Shine and Crews 1988). The 
bipotential testosterone role hypothesis has been supported in other Sceloporus lizards that 
exhibit female-biased SSD, i.e. S. virgatus (Cox and John-Alder 2005), and S. undulates 
(Cox et al. 2005). Thus, it is tempting to hypothesize that testosterone might be a factor that 
enhances growth and growth-plasticity in male larger species, and precludes growth and 
growth-plasticity of males in female-biased SSD species. Testing of this hypothesis requires 
an experimental approach where growth plasticity and not just growth are examined under 
similar manipulative conditions as those used in previous studies (Shine and Crews 1988; 
Cox and John-Alder 2005; Cox et al. 2006)  
Finding support for a bipotential role of testosterone as a physiological mechanism 
enhancing sex-specific body size plasticity would be consistent with large-scale allometric 
 64 
patterns in vertebrates such as Rensch’s rule for species with male-biased SSD (Cox and 
Calsbeek 2010). In Rensch's rule SSD increases with body size in male-biased SSD species, 
but decreases in female-biased species. Thus under Rensch’s rule males are expected to 
increase body size at a higher evolutionary rate compared to females (Fairbairn and Preziosi 
1994), which is consistent with the role of testosterone in species that exhibit male-biased 
SSD as C. serpentina. However this hypothesis would still leave unexplained our observation 
that in female-biased SSD P. expansa, growth plasticity did not differ between males and 
females and can thus be ruled out. It may be that a different still unknown physiological 
mechanism(s) operates to generate the contrasting patterns we observed in these two taxa.  
From our results, we noted interesting patterns regarding SSD and SShD, their 
ontogenies, and how they vary with environments across species. First, we observe that 
SShD is not a static feature, but rather it changes through time. In this study and others 
(Valenzuela et al. 2004; Lubiana and Ferreira 2009) P. expansa carapace of female 
hatchlings exhibited a “peanut” shape, however such shape was not observed at 25 months of 
age (figure 15), and it is not the shape observed in adults. Instead, female adult carapace is 
oval, while that of males is round (Pritchard and Trebbau 1984). Second, a potential caveat of 
our study is that the effect of sex and temperature on SShD may be confounded. For instance, 
the “peanut” shape observed in females was also observed in turtles from eggs incubated at 
33.7 ºC, a temperature that produced mainly females (figure 3). The effect of sex and 
incubation temperature on carapace and plastron shapes were both highly significant in our 
study suggesting both factors result in the same shape but the relative role of each can only 
be disentangled by experimentally decoupling sex from temperature effects as done by 
hormonal manipulation (Rhen and Lang 1994) 
A third interesting observation is that the plastic response to the same relative 
environmental conditions differed between species but matched their life histories.  For 
instance, we found that warmer water temperature, higher incubation temperature (33.7 ºC), 
higher amount of food, and higher protein content resulted in larger P. expansa individuals 
compared to those from lower incubation temperature (30.9 and 32.2 ºC), maintained in 
cooler water and fed lower quantity and poorer quality of food. Of all these factors higher 
food amount was associated with the highest growth rate, and lower amount of food with 
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lowest growth rate (table 5). Thus food availability alone caused the widest variability in 
body size. It has been proposed that phenotypic plasticity vary according to the environment 
variability of a species habitat (Via 1993). Chelydra serpentina is distributed from north 
Canada to Texas (Steyermark et al. 2008), a geographic range in which weather can vary 
widely. This species has evolved an ability to withstand extreme seasonal weather changes 
(from summer to winter). Consistently, in C. serpentina the greatest variability in growth 
rates, was induced by water temperature. Thus, this plastic response to environmental 
temperature may underlie the ability of this turtle to withstand extreme conditions in nature. 
It would be interesting to test whether the effect of environmental temperature on growth 
plasticity of the South American snapping turtle, Chelydra acutirostris, naturally occurring 
from Honduras to Ecuador (Steyermark et al. 2008), are the same as those observed in C. 
serpentina. If the rationale above is true, it would be expected that food availability, instead 
of environmental temperature, would be the environmental factor that most affects body size 
plasticity in C. acutirostris. 
A fourth observation is that during early development, SShD was strong in P. expansa 
(this study) and C. serpentina (Ceballos and Valenzuela in prep.), but SSD was relatively 
weaker in both species (observed at hatching but not thereafter). Thus, SSD must develop 
later in life as it is observed during adulthood. This is consistent with observations in C. 
serpentina where the same growth rates characterize males and females in the first years of 
life but differential growth decline is exhibited later on (Christiansen and Burken 1979). In 
contrast, in several species of Sceloporus spp. lizards and the snake Crotalus atrox it was 
observed that SSD originated because of sexual differences in age-specific growth rates 
(John-Alder et al. 2007). However natural differences in sexual growth rates can be greatly 
affected by captivity conditions as shown in C. atrox (Taylor and Denardo 2005). Thus it is 
still possible that sexual size differences exist in natural populations of P. expansa during the 
first 2 years of life. 
This difference in the development of SSD and SShD is also observed in the ontogenetic 
allometry illustrated in figure 14, in which shape changed relatively faster than size during 
the first year, but it was slower in the second year. This pattern was even stronger in the 
plastron compared to the carapace, as the allometry of plastron reached a plateau at an earlier 
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age compared to the carapace. Consequently, for practical applications, if plastron shape 
diverges faster than carapace shape, then plastron should be preferred as a sex-diagnostic trait 
in P. expansa instead of the carapace (Valenzuela et al. 2004; Lubiana and Ferreira 2009). 
Additionally the doomed shape of the carapace would probably be better analyzed with a 
three-dimensional analysis to fully capture its variation (Sheets et al. 2002). 
Finally, we observed that from hatching until the 5th month of age, heavier eggs were 
associated with a larger carapace and plastron. At 9th month postnatal and thereafter this 
effect disappeared, and environmental effects on body size became prevalent. This delayed 
response has been observed in P. expansa and other species. For instance, the effect of 
varying protein-level diets on weight on P. expansa were not observed until the 8 months of 
age (Sa et al. 2004). In C. serpentina the maternal effect of egg weight on body size was 
detected up to the 8th month of age (Ceballos and Valenzuela in prep, a), but not thereafter. 
These results are concordant with the notion that maternal input affects body size during the 
entire neonatal stage period, estimated as 10% of the time needed to reach sexual maturity 
(Morafka et al. 2000) given that P. expansa reaches sexual maturity between the 7 and 11 
years of age (Soini 1997; Mogollones et al. 2010). Interestingly, maternal allocation as 
measured by egg weight affected body size, yet its effect on SSD was weak and intermittent 
through ontogeny, while it was strong and permanent on SShD in both C. serpentina 
(Ceballos and Valenzuela in prep.) and P. expansa (this study). Although we did not measure 
hormonal or nutritional content of the eggs, other studies have suggested that testosterone 
may be associated with specific phenotypes such as body coloration (Cox et al. 2008), or 
body growth (Cox et al. 2006) in reptiles. It would be interesting to study if testosterone or 
estrogen levels in either yolk or hatchlings correlate with carapace and plastron shape of both 
sexes in these species. 
In summary, Podocnemis expansa exhibits a highly plastic growth in carapace and 
plastron shape and size, along with SSD and SShD. No difference in growth plasticity 
between sexes was detected, in direct contrast with our observations for Chelydra serpentina. 
We conclude that sex-specific plasticity is species-specific thus it does not provide a general 
mechanism for the development of SSD patterns in a manner consistent with expectations 
from RR in turtles. Instead, we suggest that body size plasticity favors body size of males in 
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male-biased SSD species, potentially facilitated by a bipotential role of testosterone in 
growth. On the other hand, SShD was plastic, but not sex-specific in either C. serpentina or 
P. expansa. Thus we hypothesize that sex-specific selective pressures drive the marked and 
opposing patterns of SShD present in these species, and are not likely generated from 
differential responses to the same drivers such as resource availability examined here.  
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Table 1. Combination of possible results and interpretation from a comparison of two species 
with male-biased and female-biased SSD. See description of plasticity effects in the text. RR 
= Rensch’s Rule, male-larger = species with male-biased SSD, female-larger = species with 
female-biased SSD. Dark-gray-shaded cells denote the patterns ruled out by a parallel study 
on Chelydra serpentina (Ceballos and Valenzuela in prep, a), which consequently ruled out 
all the alternatives in the light-shaded cells for the present study, but are presented for 
completeness purposes and to guide future research in other taxa.  
 
Observations Hypotheses Interpretation 
Plasticity has 
no effect on 
size  
Plasticity has a 
size 
enhancement 
effect 
Plasticity has a 
size hindering 
effect Case 
Male-
larger 
(ML) 
Female-
larger 
(FL) 
ML FL ML FL ML FL 
Results 
consistent 
with RR? 
Plasticity is 
specific to: 
sex, size or 
species  
A Pm > Pf Pm > Pf   x   x Yes Sex 
B Pm > Pf Pm < Pf   x x   No Size 
E Pm > Pf Pm = Pf  x x    No Species  
C Pm < Pf Pm > Pf     x x No Size  
 Pm < Pf Pm < Pf    x x  No Sex 
 Pm < Pf Pm = Pf  x   x  No Species 
 Pm = Pf Pm > Pf x     x No Species 
 Pm = Pf Pm < Pf x   x   No Species 
D Pm = Pf Pm = Pf x x     No Species 
 
Table legend: Four instances (cases A-D) are described in detail to illustrate the interpretation of these 
patterns, but the same logic extends to all other cases. Case A: if males exhibit greater growth 
plasticity regardless of the SSD patterns (Pm > Pf for both taxa types), this will support the 
hypothesis that plasticity has a size enhancement effect in males in general (plasticity will be sex-
specific) and helps shape the pattern of male-biased SSD. Such case would be consistent with the RR 
model. Case B: If the larger sex of both species shows more plasticity in body size than the smaller 
sex, this would support the hypothesis that plasticity has a size enhancement in general (plasticity 
will be size-specific) and thus helps shape the patterns of SSD but in a way that is counter to RR. 
Case C: Alternatively, if it is found that the smaller sex of both species shows more plasticity in body 
size than the larger sex, this will support the hypothesis that plasticity has a size hindering effect in 
general (plasticity will be size-specific, e.g., specific to the smaller sex). In this case, plasticity does 
not help shape the patterns of SSD, and will also be counter to RR. Case D: if it is found that the 
level of plasticity is the same for males and females of both species, this will support the hypothesis 
that body growth plasticity is independent of sex in general, and thus that plasticity does not help 
shape patterns of SSD nor RR. Case E (supported in this study): If it is found that the level of 
plasticity is larger in males of the male-larger species, but there is no differential plasticity between 
sexes in the female-larger species, this will support the hypothesis that plasticity has size 
enhancement effect in the species with male-biased SSD, but it will be independent in the species 
with female-biased SSD. This last case would indicate that plasticity helps shaping only male-biased 
SSD patterns but not RR, and thus it would be species-specific. 
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Table 2. Summary statistics of egg clutches of Podocnemis expansa collected in the field, 
egg weight (g), incubation time until piping, and hatching success. n = clutch size, x = mean, 
mo = mode, sd = standard deviation. Incubation temperatures were not constant during the 
incubation period, thus summary statistics of actual temperatures as determined from 
dataloggers inserted in sand boxes are reported. 
 
Egg weight (g) Mean incubation time (days) 
30.5 ºC 32.5 ºC 34.5 ºC Clutch (n) 
 
Eggs 
incubated in 
the lab Mean (min, max)  x=30.86 ºC, 
mo=30.5 ºC,  
sd=0.83 
x=32.16 ºC, 
mo=32.5, 
sd=0.91 
x=33.67 ºC, 
mo=34 ºC, 
sd=1.03 
Hatching 
success 
(number of 
hatchlings) 
A (97) 57 41.5 (39.3 - 43.4) 54 48.1 43.9 57.9% (33) 
B (111) 57 42.9 (37.9 - 46.4) 54.4 47.8 44 89.5% (51) 
C (84) 57 34.0 (31.3 - 43.3) 54.5 48 43.7 80.7% (46) 
D (84) 57 44.0 (41.6 - 47.7) 55.5 48.3 44.1 64.9% (37) 
E (101) 57 43.5 (41 - 45.8) NA NA NA 0% (0) 
F (100) 57 42.5 (40 - 45.1) 54 48 44.1 56.1% (32) 
G (100) 56 40.3 (38.3 - 41.8) 54.5 48.8 44.2 21.4% (12) 
H (103) 61 42.5 (39.4 – 47) 53.5 47.7 43.9 77% (47) 
I (86) 54 45.1 (39.5 - 50.6) 53.8 47.7 44.2 64.8% (35) 
J (108) 57 42.3 (38.0 – 45) 53.8 48.2 44.5 71.9% (41) 
Total 
(974) 570 41.9 (31.3 - 50.6) 54.2 48.1 44.1 
64.9% 
(334) 
 
Note: Clutch size includes “oil eggs” which were smaller, yellow-colored, deflated, and 
considered infertile (Alho and Padua 1982). No egg from clutch E hatched such that this 
clutch was considered infertile. Incubation temperature had no effect on hatching success, as 
there were no differences in the number of hatchlings across temperatures (P > 0.6861, df = 
2). Increasing temperature however had a significant accelerating effect on embryo 
development that reduced total incubation time (correlation coefficient r = 0.93, P<0.0001). 
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Table 3. Sexual shape dimorphism and sex estimation using discriminant functions based on 
the shape of the anal notch of Podocnemis expansa during the first two years of life, as 
described in the text.  
 
Age Anal notch 
7 days:  
Sexually dimorphic? No (P=0.058) 
Discrimination of males and females NA 
Classification to correct sex NA 
Cross-validation  NA 
5 months:  
Sexually dimorphic? Yes (P=0.0013) 
Discrimination of males and females 93.5 % 
Classification to correct sex 93.2 % 
Cross-validation  70.8 % 
9 months:  
Sexually dimorphic? Yes (P=3.2e-5) 
Discrimination of males and females 94.6 % 
Classification to correct sex 96.8 %) 
Cross-validation  72.2 % 
13 months:  
Sexually dimorphic? Yes (P=0.0003) 
Discrimination of males and females 91.2 % 
Classification to correct sex 94.1 % 
Cross-validation  74.5 % 
17 months:  
Sexually dimorphic? Yes (P=0.0042) 
Discrimination of males and females 91.1 % 
Classification to correct sex 93.3 % 
Cross-validation  70.4 % 
21 months:  
Sexually dimorphic? Yes (P=0.0003) 
Discrimination of males and females 94.3 % 
Classification to correct sex 96.7 % 
Cross-validation  73.1 % 
25 months:  
Sexually dimorphic? Yes (P=0.0001) 
Discrimination of males and females 98.9 % 
Classification to correct sex 99.4 % 
Cross-validation  75.0 % 
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Table 4. MANCOVA results of final models of sex and environmental and maternal effects 
on carapace shape of Podocnemis expansa at different ages. The model excludes significant 
terms for which post hoc pairwise comparisons were not significant at Bonferroni-corrected-
α. Abbreviations: EggWeight = egg weight, FoodQtt = food quantity, FoodQl = food quality, 
IncTemp = incubation temperature, WaterTemp = water temperature, Df = degrees of 
freedom, num = numerator, den = denominator. 
 
Age / model Df Wilks' Approx F Df num, den Pr (F) Pairwise comparisons 
7 days:       
Sex 1 0.4066 6.1343 54, 227 <0.0001  
IncTemp (ºC) 2 0.2592 4.0539 108, 454 <0.0001 30.9≠32.2 (P=0.0062), 
30.9≠33.7 (P=0.0003), 
32.2≠33.7 (P=0.0064) 
EggWeight 1 0.4494 5.1501 54, 227 <0.0001  
Residuals 280      
5 months:       
Sex 1 0.4606 4.8802 54, 225 <0.0001  
IncTemp (ºC) 2 0.3126 3.2852 108, 450 <0.0001 30.9=32.2 (P=0.0675), 
30.9≠33.7 (P=0.0003), 
32.2≠33.7 (P=0.0007) 
WaterTemp 1 0.608 2.6866 54, 225 <0.0001  
FoodQtt 1 0.6407 2.3362 54, 225 <0.0001  
EggWeight 1 0.4892 4.3513 54, 225 <0.0001  
Residuals 278      
9 months:       
Sex 1 0.527 3.706 54, 223 <0.0001  
IncTemp (ºC) 2 0.3505 2.8457 108, 446 <0.0001 30.9=32.2 (P=0.0969), 
30.9≠33.7 (P=0.0001), 
32.2≠33.7 (P=0.0016) 
WaterTemp 1 0.5263 3.7173 54, 223 <0.0001  
FoodQtt 1 0.6646 2.0836 54, 223 0.0001  
EggWeight 1 0.4717 4.6252 54, 223 <0.0001  
Residuals 276      
13 months:       
Sex 1 0.5562 3.2806 54, 222 <0.0001  
IncTemp (ºC) 2 0.4071 2.3319 108, 444 <0.0001 30.9=32.2 (P=0.0745), 
30.9≠33.7 (P=0.0004), 
32.2≠33.7 (P=0.0117) 
WaterTemp 1 0.5374 3.5395 54, 222 <0.0001  
FoodQl 1 0.6007 2.7333 54, 222 <0.0001  
FoodQtt 1 0.6125 2.6009 54, 222 <0.0001  
EggWeight 1 0.5024 4.072 54, 222 <0.0001  
Residuals 275      
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Table 4. (continued) 
Age / model Df Wilks' Approx F Df num, den Pr (F) Pairwise comparisons 
17 months:       
Sex 1 0.4751 4.4392 54, 217 <0.0001  
IncTemp (ºC) 2 0.3536 2.7398 108, 434 <0.0001 30.9=32.2 (P=0.0360), 
30.9≠33.7 (P=0.0003), 
32.2≠33.7 (P=0.0024) 
WaterTemp 1 0.4494 4.9227 54, 217 <0.0001  
FoodQl 1 0.5604 3.1529 54, 217 <0.0001  
FoodQtt 1 0.5374 3.4593 54, 217 <0.0001  
EggWeight 1 0.4577 4.7604 54, 217 <0.0001  
WaterTemp × 
FoodQtt 
1 0.7335 1.4598 54, 217 0.0312 Cold-low ≠ Cold-high 
(P=0.0068) 
FoodQl × 
FoodQtt 
1 0.6626 2.046 54, 217 0.0002 High-high ≠ Low-high 
(P=0.0057) 
Residuals 270      
21 months:       
Sex 1 0.5076 2.9279 54, 163 <0.0001  
IncTemp (ºC) 2 0.2957 2.5326 108, 326 <0.0001 30.9=32.2 (P=0.0326), 
30.9≠33.7 (P=0.0029), 
32.2=33.7 (P=0.0217) 
WaterTemp 1 0.4868 3.1818 54, 163 <0.0001  
FoodQl 1 0.6322 1.7557 54, 163 0.0038  
FoodQtt 1 0.5417 2.5534 54, 163 <0.0001  
EggWeight 1 0.5155 2.8369 54, 163 <0.0001  
Residuals 216      
25 months:       
Sex 1 0.4627 3.4628 54, 161 <0.0001  
IncTemp (ºC) 2 0.306 2.4085 108, 322 <0.0001 30.9=32.2 (P=0.0745), 
30.9=33.7 (P=0.0230), 
32.2=33.7 (P=0.0221) 
WaterTemp 1 0.4052 4.3774 54, 161 <0.0001  
FoodQl 1 0.5183 2.7707 54, 161 <0.0001  
FoodQtt 1 0.4362 3.854 54, 161 <0.0001  
EggWeight 1 0.5009 2.9713 54, 161 <0.0001  
Residuals 214      
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Table 5. ANCOVA results of final models of sex and environmental and maternal effects on 
carapace (centroid) size of Podocnemis expansa at different ages. The model excludes 
significant terms for which post hoc pairwise comparisons were not significant at Bonferroni-
corrected-α. Group means with different letters are significantly different. Abbreviations as 
in table 4. 
 
Age / model Df F value Pr (F) Group means of pairwise comparisons 
7 days:      
Sex 1 79 <0.0001 Female=108.2056 (A), Male=107.108 (B) 
IncTemp 2 65 0.0015 30.9=106.57 (A), 32.2=107.63 (B), 33.7=108.2685 
(B) 
EggWeight 1 916 <0.0001  
Residuals 279 1,356   
5 months:      
WaterTemp 1 545 0.0036 Sun=145.71 (A), Shade=142.93 (B) 
FoodQtt 1 795 0.0005 High=145.93 (A), Low=142.67 (B) 
EggWeight 1 1,112 <0.0001  
Residuals 281 17,738    
9 months:      
WaterTemp 1 11,169 <0.0001 Sun=199.86 (A), Shade=187.24 (B) 
FoodQl 1 943 0.0087 High=194.57 (A), Low=191.47 (B) 
FoodQtt 1 3,342 <0.0001 High=196.33 (A), Low=190.04 (B) 
Residuals 279 37,718    
13 months:      
Sex 1 1,339 0.0376 Female=233.78 (A), Male=229.23 (B) 
IncTemp 2 2,505 0.0179 30.9=229.99 (A), 32.2=227.02 (A), 33.7=235.86 (A) 
WaterTemp 1 11,225 <0.0001 Sun=237.64 (A), Shade=225.22 (B) 
FoodQl 1 6,583 <0.0001 High=235.82 (A), Low=226.30 (B) 
FoodQtt 1 28,500 <0.0001 High=241.17 (A), Low=221.93 (B) 
FoodQl × FoodQtt 1 6,414 <0.0001 High-high=252.71 (A), High-low=222.7 (B), Low-
high =231.72 (B), Low-low=221.16 (AB) 
Residuals 275 84,383    
17 months:      
IncTemp 2 6,123 0.0007 30.9=266.49 (A), 32.2=263.13 (A), 33.7=274.32 (B) 
WaterTemp 1 23,471 <0.0001 Sun=277.86 (A), Shade=259.63(B) 
FoodQl 1 5,414 0.0003 High=272.26 (A), Low=263.71(B) 
FoodQtt 1 67,099 <0.0001 High=284.11 (A), Low=253.93 (B) 
FoodQl × FoodQtt 1 11,423 <0.0001 High-high=296.99 (A), High-low=253.06 (B), Low-
high =273.25 (B), Low-low=254.8 (AB) 
Residuals 273 111,911    
21 months:      
IncTemp 2 3,908 0.0214 30.9=286.06 (AB), 32.2=285.61 (A), 33.7=294.78 (B) 
WaterTemp 1 4,720 0.0024 Sun=293.83 (A), Shade=285.04 (B) 
FoodQl 1 3,478 0.0089 High=292.15 (A) Low=286.47 (B) 
FoodQtt 1 48,874 <0.0001 High=306.13 (A), Low=276.47 (B) 
FoodQl × FoodQtt 1 6,079 0.0006 High-high=296.99 (A), High-low=253.06 (B), Low-
high =273.25 (B), Low-low=254.8 (AB) 
Residuals 217 108,302    
 
 78 
Table 5. (continued) 
Age / model Df F value Pr (F) Group means of pairwise comparisons 
25 months:      
WaterTemp 1 6,482 0.0030 Sun=321 (A), Shade=309.97 (B) 
FoodQl 1 1,809 0.1139 High=316.28 (A), Low=313.2 (B) 
FoodQtt 1 19,795 <0.0001 High=325.66 (A), Low=306.56 (B) 
FoodQl × FoodQtt 1 12,515 <0.0001 High-high=341.67 (A), High-low=302.67 (B), Low-
high =317.78 (B), Low-low=309.47 (AB) 
Residuals 217 155,828    
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Table 6. MANCOVA results of sex and environmental and maternal effects on plastron 
shape of Podocnemis expansa at different ages. Each model (at each age) includes significant 
terms and interactions whose post hoc pairwise comparisons were significant at Bonferroni-
corrected-α. Abbreviations as in table 4. 
 
Age / model Df Wilks' Approx. 
F 
Df num, 
den 
Pr (F) Pairwise comparisons 
7 days:       
Sex 1 0.4573 7.932 38, 254 <0.0001  
IncTemp 2 0.2857 5.822 76, 508 <0.0001 
30.9≠32.2 (P=0.0001), 
30.9≠33.7 (P=0.0001), 
32.2≠33.7 (P=0.0038) 
EggWeight 1 0.4149 9.4243 38, 254 <0.0001  
Residuals 291      
5 months:        
Sex 1 0.3786 10.7529 38, 249 <0.0001  
IncTemp 2 0.2433 6.7332 76, 498 <0.0001 
30.9≠32.2 (P=0.0001), 
30.9≠33.7 (P=0.0001), 
32.2≠33.7 (P=0.0021) 
WaterTemp 1 0.7412 2.2877 38, 249 <0.0001  
FoodQl 1 0.7914 1.7274 38, 249 <0.0077  
FoodQtt 1 0.7971 1.6678 38, 249 <0.0119  
EggWeight 1 0.473 7.3007 38, 249 <0.0001  
Residuals 286      
9 months:        
Sex 1 0.3894 10.1935 38, 247 <0.0001  
IncTemp 2 0.3288 4.8351 76, 494 <0.0001 
30.9≠32.2 (P=0.0001), 
30.9≠33.7 (P=0.0001), 
32.2≠33.7 (P=0.0013) 
WaterTemp 1 0.642 3.6247 38, 247 <0.0001  
FoodQl 1 0.8171 1.4548 38, 247 0.0497  
FoodQtt 1 0.6789 3.0745 38, 247 <0.0001  
EggWeight 1 0.4673 7.4106 38, 247 <0.0001  
Residuals 284      
13 months:        
Sex 1 0.3163 14.1631 38, 249 <0.0001  
IncTemp 2 0.3325 4.8116 76, 498 <0.0001 
30.9≠32.2 (P=0.0001), 
30.9≠33.7 (P=0.0001), 
32.2≠33.7 (P=0.0032) 
WaterTemp 1 0.5861 4.6265 38, 249 <0.0001  
FoodQtt 1 0.663 3.3302 38, 249 <0.0001  
FoodQl 1 0.8067 1.57 38, 249 0.0234  
EggWeight 1 0.4692 7.4138 38, 249 <0.0001  
FoodQtt × FoodQl 1 0.7574 2.0993 38, 249 <0.0005 
High-high ≠ Low-low 
(p=0.0027) 
Residuals 286      
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Table 6. (continued) 
Age / model Df Wilks' Approx. 
F 
Df num, 
den 
Pr (F) Pairwise comparisons 
17 months:        
Sex 1 0.3222 13.564 38, 245 <0.0001  
IncTemp 2 0.3196 4.9572 76, 490 <0.0001 
30.9≠32.2 (P=0.0001), 
30.9≠33.7 (P=0.0001), 
32.2≠33.7 (P=0.0006) 
WaterTemp 1 0.6665 3.2261 38, 245 <0.0001  
FoodQl 1 0.7697 1.9288 38, 245 0.0017  
FoodQtt 1 0.59 4.4805 38, 245 <0.0001  
EggWeight 1 0.4837 6.8823 38, 245 <0.0001  
FoodQl × FoodQtt 1 0.6835 2.9854 38, 245 <0.0001 
High-high. ≠ Low-
high (P=0.0001), 
High-high ≠ High-low 
(P=0.0001) 
Residuals 282      
21 months:        
Sex 1 0.3543 9.0167 38, 188 <0.0001  
IncTemp 2 0.3688 3.1994 76, 376 <0.0001 
30.9≠32.2 (P=0.0002), 
30.9≠33.7 (P=0.0001), 
32.2≠33.7 (P=0.0016) 
WaterTemp 1 0.6489 2.6764 38, 188 <0.0001  
FoodQtt 1 0.6763 2.3681 38, 188 <0.0001  
EggWeight 1 0.4827 5.3026 38, 188 <0.0001  
Residuals 225      
25 months:        
Sex 1 0.288 12.0986 38, 186 <0.0001   
IncTemp 2 0.316 3.8127 76, 372 <0.0001 
30.9≠32.2 (P=0.0001), 
30.9≠33.7 (P=0.0001), 
32.2≠33.7 (P=0.0009) 
WaterTemp 1 0.6995 2.1025 38, 186 <0.0007  
FoodQl 1 0.7571 1.5707 38, 186 0.0267  
FoodQtt 1 0.5693 3.7024 38, 186 <0.0001  
EggWeight 1 0.5137 4.6333 38, 186 <0.0001  
Residuals 223       
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Table 7. ANCOVA results of final models of sex and environmental and maternal effects on 
plastron (centroid) size of Podocnemis expansa at different ages. The model excludes 
significant terms for which post hoc pairwise comparisons were not significant at Bonferroni-
corrected-α. Group means with different letters are significantly different. Abbreviations as 
in table 4.  
 
Age / model Df F value Pr (F) Pairwise comparisons and group means 
7 days:      
Sex 1 28.40 <0.0001 Female=93.31 (A), Male=92.17 (B) 
IncTemp 2 13.63 <0.0001 30.9=92.22 (A), 32.2=91.92 (A), 33.7=93.64 
(B) 
EggWeight 1 183.55 <0.0001  
Residuals 291    
5 months:      
WaterTemp 1 10.78 0.0012 Sun=122.5 (A), Shade=119.8 (B) 
FoodQl 1 0.60 0.4401  
FoodQtt 1 12.73 0.0004 High=122.5 (A), Low=119.8 (B) 
EggWeight 1 18.89 <0.0001  
FoodQl × FoodQtt 1 17.00 <0.0001 High-high=125.04 (A), Low-high =120.65 
(B), High-low =118.62 (B) 
Residuals 288    
9 months:      
IncTemp 2 4.96 0.0076 30.9=158.5 (A), 32.2=156.6 (A), 33.7=162.5 
(B) 
WaterTemp 1 11.65 0.0007 Sun=162 (A), Shade=156.7 (B) 
FoodQl 1 3.49 0.0629 High=160.7 (A), Low=157.8 (B) 
FoodQtt 1 50.32 <0.0001 High=164.8 (A), Low=154.1 (B) 
FoodQl × FoodQtt 1 16.86 <0.0001 High-high=170.83 (A), Low-high=160.34 (B), 
High-low =153.01 (B) 
Residuals 285    
13 months:      
Sex 1 5.07 0.0250 Female=196.6 (A), Male=191.7 (B) 
IncTemp 2 4.58 0.0110 30.9=192.3 (AB), 32.2=189.6 (A), 33.7=198.8 
(B) 
WaterTemp 1 31.40 <0.0001 Sun=199.6 (A), Shade=188.2 (B) 
FoodQl 1 6.99 0.0087 High=196.2 (A), Low=191.1 (B) 
FoodQtt 1 69.96 <0.0001 High=202.1 (A), Low=185.8 (B) 
FoodQl × FoodQtt 1 25.66 <0.0001 High-high =212.19 (A), Low-high=194.67 
(B), High-low =184.35 (B) 
Residuals 287    
17 months:      
Sex 1 5.95 0.0153 Female=237.8 (A), Male=231.8 (B) 
IncTemp 2 5.92 0.0030 30.9=232.4 (AB), 32.2=229.1 (A), 33.7=240.8 
(B) 
WaterTemp 1 34.11 <0.0001 Sun=241.1 (A), Shade=227.6 (B) 
FoodQl 1 12.25 0.0005 High=230.2(A), Low=238.2 (B) 
FoodQtt 1 130.81 <0.0001 High=247.6 (A), Low=221.8 (B) 
FoodQl × FoodQtt 1 40.62 <0.0001 High-high =262.93 (A), Low-high=236.41 
(B), High-low = 220.22 (B) 
Residuals 283    
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Table 7. (continued) 
Age / model Df F value Pr (F) Pairwise comparisons and group means 
21 months:         
IncTemp 2 6.62 0.0016 30.9=248.9 (A), 32.2=248.2 (A), 33.7=260.4 
(B) 
WaterTemp 1 4.39 0.0373 Sun=255.6 (A), Shade=250 (B) 
FoodQl 1 7.01 0.0087 High=256.4 (A), Low=249.8 (B) 
FoodQtt 1 63.70 <0.0001 High=266.3 (A), Low=242.1 (B) 
FoodQl × FoodQtt 1 16.44 <0.0001 High-high =284.37 (A), Low-high=258.34 
(B), High-low = 242.15 (B) 
Residuals 225    
25 months:         
WaterTemp 1 7.94 0.0053 Sun=282.5 (A), Shade=272 (B) 
FoodQtt 1 18.86 <0.0001 High=285.9 (A), Low=269.3 (B) 
Residuals 228       
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Figure 1. Experimental design used in this study. Hatchlings from three incubation 
temperatures were distributed among 24 treatments generated by the combination of three 
posthatching environmental variables (water temperature, food quality and food quantity). 
Incubation temperatures varied from the targeted 30.5 ºC, 32.5 ºC, 34.5 ºC such that eggs 
experienced a mean of 30.9 ºC, 32.2 ºC and 33.7 ºC respectively (see details in text). Food 
quantity = percent of body weight.  
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Figure 2. Landmarks location on carapace (left), plastron (center), and anal notch (right) of 
Podocnemis expansa turtles. Filled circles indicate fixed landmarks and empty circles 
indicate sliding landmarks (see text for details). 
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Figure 3. Thin-plate spline deformation grids indicating the effect of incubation temperature 
on carapace shape of Podocnemis expansa from 7 days to 25 months of age. Deformation 
grids were magnified 10x for visualization purposes. Gray arrows indicate direction of 
change and ovals indicate regions of differences. Groups that differ significantly are denoted 
by different letters. Individual’s heads are located on the left side of each grid.  
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Figure 3. (continued) 
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Figure 4. Thin-plate spline deformation grids indicating the effect of incubation temperature 
on plastron shape of Podocnemis expansa from 7 days to 25 months of age. Deformation 
grids were magnified 10x for visualization purposes. Gray circles indicate regions of 
differences. Groups that differ significantly are denoted by different letters. Individual’s 
heads are located on the left side of each grid.  
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Figure 5. Thin-plate spline deformation grids illustrating the effect of water temperature 
treatments on carapace shape of Podocnemis expansa from 5 to 25 months of life. 
Deformation grids were magnified 10x for visualization purpose. Gray arrows indicate 
direction of change. Groups that differ significantly are denoted by different letters. 
Individual’s heads are located on the left side of each grid.  
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Figure 6. Thin-plate spline deformation grids illustrating the effect of warmer and colder 
water temperature on plastron shape of Podocnemis expansa from 5 to 25 months of life. 
Deformation grids were magnified 10x for visualization purposes. Gray arrows indicate 
direction of change. Groups that differ significantly are denoted by different letters. 
Individual’s heads are located on the left side of each grid.  
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Figure 7. Thin-plate spline deformation grids illustrating the effect of scarcer and more 
abundant food quantity on carapace shape of Podocnemis expansa. Deformation grids were 
magnified 10x for visualization purposes. Gray arrows indicate direction of change. Groups 
that differ significantly are denoted by different letters. Individual’s heads are located on the 
left side of each grid.  
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Figure 8. Thin-plate spline deformation grids illustrating the effect of scarcer and more 
abundant food quantity on plastron shape of Podocnemis expansa from 5mo to 25 months of 
life. Deformation grids were magnified 10x for visualization purposes. . Gray arrows indicate 
direction of change. Groups that differ significantly are denoted by different letters. 
Individual’s heads are located on the left side of each grid.  
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Figure 9. Thin-plate spline deformation grids illustrating the effect of higher and lower food 
quality on carapace shape of Podocnemis expansa. Deformation grids were magnified 10x 
for visualization purposes. . Gray arrows indicate direction of change. Groups that differ 
significantly are denoted by different letters. Individual’s heads are located on the left side of 
each grid. 
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Figure 10. Thin-plate spline deformation grids illustrating the effect of higher and lower food 
quality on plastron shape of Podocnemis expansa. Deformation grids were magnified 10x for 
visualization purposes. Gray arrows indicate direction of change. Groups that differ 
significantly are denoted by different letters. Individual’s heads are located on the left side of 
each grid. 
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Figure 11. Interaction of food quantity (high and low amount) and food quality (high and low 
protein content) on the average carapace and plastron (centroid) size of Podocnemis expansa. 
Groups that differ significantly are denoted by different letters. 
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Figure 12. Thin-plate spline deformation grids illustrating the joint effect of food quantity 
and food quality on carapace shape (two top panels) and plastron shape (three bottom panels) 
of Podocnemis expansa. Grids were magnified 10x for visualization purposes. Groups that 
differ significantly are denoted by different letters. Individual’s heads are located on the left 
side of each grid.  
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Figure 13. Thin-plate spline deformation grids illustrating the effect of the interaction of 
water temperature and food quantity on carapace shape of Podocnemis expansa. Deformation 
grids were magnified 10x for visualization purposes. Groups that differ significantly are 
denoted by different letters. Individual’s heads are located on the left side of each grid.  
 
 
 
 97 
  
 
 
Figure 14. Ontogenic allometry between shape (principal component 1 of shape) and 
(centroid) size of carapace (above) and plastron (below) of Podocnemis expansa at 7 days, 
and 5, 9, 13, 17, 21 and 25 months of life. 
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Figure 15. Thin-plate spline deformation grids illustrating sexual dimorphism on carapace 
shape during first 2 years of age of Podocnemis expansa (n=100 females, 186 males). 
Deformation grids were magnified 10 times for visualization purpose. Gray arrows indicate 
direction of changes and ovals indicate regions of difference. Different letters in males and 
females (A, B) indicate significant sexual dimorphism at each age. Individual’s heads are 
located on the left side of each grid. 
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Figure 16. Thin-plate spline deformation grids illustrating sexual dimorphism on plastron 
shape during first 2 years of age (n=100 females, 186 males) in Podocnemis expansa. 
Deformation grids were magnified 10x for visualization purposes. Gray arrows indicate 
direction of changes and ovals indicate regions of difference. Different letters in males and 
females (A, B) indicate significant sexual dimorphism at each age. Individual’s heads are 
located on the left side of each grid.
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Figure 17. Thin-plate spline deformation grids illustrating sexual dimorphism on plastral anal 
notch of Podocnemis expansa turtles during first 2 years of age (7 days, and 9, 17 and 25 
months). Deformations grids were magnified 3x for illustration purposes. Gray arrows 
indicate direction of deformation from the average shape to each sex group mean at each age. 
Different letters in males and females (A, B) indicate significant sexual dimorphism at each 
age. Individual’s heads are located on the left side of each grid.  
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Appendix 1. Ingredients and nutritional composition of two types of food (Protinal Lab) with 
relatively higher and lower quality used in this study. 
 
  
Higher quality food 
(“Trucharina 40%”) 
Lower quality food 
(“Cachamarina C”) 
Ingredients: Fish meal, meat meal, 
soybean meal, sorghum, rice, 
wheat flour, calcium, salt, 
minerals (cobalt, copper, 
magnesium, selenium, iodine, 
zinc), vitamins A, B1, B2, 
B6, B12, C, D3, E, K, folic 
acid, pantothenic acid, biotin, 
choline, niacin. 
Corn and/or sorghum, rice, corn 
meal, wheat middling, sorghum 
flour, meat meal, fish meal, 
calcium, salt, minerals (cobalt, 
copper, magnesium, selenium, 
iodine, zinc), vitamins A, B1, 
B2, B6, B12, C, D3, E, K, folic 
acid, pantothenic acid, biotin, 
choline, niacin.  
Composition (%):   
Crude Protein 
(Min.) 
40 21 
Crude Fat (Min.) 10 3 
Crude Fiber (Max.) 6 5 
Nitrogen (Min.) 30 48 
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CHAPTER 4. RENSCH’S RULE AND SEXUAL SIZE DIMORPHISM EVOLUTION 
IN TURTLES 
 
ABSTRACT 
A general trend in which sexual size dimorphism (SSD) increases with body size in 
male-biased SSD species, or decreases with body size in female-biased SSD species has been 
documented in several clades and is commonly known as Rensch's rule (RR). In turtles 
evidence for this pattern is mixed and thus inconclusive as to whether turtles follow RR or 
not. We compiled a database on body size of males and females of 138 turtle species 
spanning 9 different families to test, in a phylogenetic context, whether turtles follow a 
pattern consistent with RR overall and at different taxonomic levels. Alternatively, turtles 
may follow a pattern exactly opposite to RR, in which SSD increases in female-biased SSD 
species or decreases in male-biased SSD species. Otherwise, turtles may follow a pattern of 
isometry (also counter to RR), in which SSD does not vary with the average body size of the 
species. We found that turtles overall, and 8 chelonian families display an general pattern of 
isometry, while the Podocnemididae family displays a pattern opposite to RR, and only a 
subclade within the Testudinidae family follows RR. Female-biased SSD was the estimated 
ancestral state in turtles, while male-biased SSD has evolved in every turtle family at least 
once. Rates of evolution of body size of males were generally faster than those of females, 
suggesting that male size is more evolutionarily labile but shows no particular directionality, 
which explains the overall isometry. Increases and decreases of body size of both sexes 
through evolutionary time were observed across the phylogeny, suggesting that SSD may be 
driven not by a single sex, or by a single selective pressure (such as by males and sexual 
selection as predicted by RR), but by both sexes and multiple forces in different lineages.  
INTRODUCTION 
Body size is one of the most important morphological traits of an organism because it 
may influence fitness by its association with survival and fecundity. Males and females of 
many species are characterized by different adult sizes. The direction of this sexual size 
dimorphism (SSD) varies among taxa, with some species displaying female-biased SSD 
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(larger-female) while others posses male-biased SSD (larger-male) (Pritchard and Trebbau 
1984; Ernst et al. 2007). These contrasting SSD patterns may be generated from multiple 
forces that can affect body size of males and females in diverse ways. For example, sexual 
selection may favor larger males if they exhibit male to male combat to compete for mates 
(Rensch 1950; Berry and Shine 1980), or it may favor smaller males if smaller males are 
more mobile and gain better access to females (Kelly et al. 2008, Szekely et al. 2004). On the 
other hand, fecundity selection may favor larger females (Valenzuela 2001b; Stephens and 
Wiens 2009), or natural selection may favor larger body size of one sex or the other 
depending on specific ecological situations (Bonner 2006). Sexual selection favoring body 
size of males in male-biased SSD species has been proposed as the force behind the pattern 
commonly known as Rensch’s rule (RR) where SSD increases with body size across related 
species (Rensch 1950). This relationship was later extended to species with female-biased 
SSD, for which Rensch (Rensch 1960) noted that “the opposite correlation applies”, that is, 
SSD decreases when the average body size of the species increases (Fairbairn 1990, 1997, 
Fairbairn and Preziosi 1994). 
During the last decade, RR has been observed across species in many animal groups, 
and some studies have extended the pattern to the intraspecific level. For example, RR has 
been observed in water strider insects (Fairbairn 2005), grasshoppers (Wolak 2008), 
Mediterranean blenny fish (Lengkeek et al. 2008), the sex-changing reef fish Parapercis 
cylindrica (Walker and McCormick 2009), and in 628 populations of 7 species of Pacific 
salmon and trout Oncorhynchus spp. (Young 2005). RR has also been reported in primates 
(Cluttonbrock et al. 1977) and in 5,300 species of birds (Dale et al. 2007). In reptiles, RR has 
been reported in 42 species of varanid lizards (Frydlova and Frynta 2010) and in dwarf 
chameleons, which display female-larger SSD and undergo sex-role reversal (Stuart-Fox 
2009). Evidence of RR in turtles is mixed, as some studies have found support for it while 
others have not. 
Understanding the proximate and ultimate causes of such large-scale patterns helps 
reveal the forces behind the origins and maintenance of sexual dimorphism. If related species 
follow RR pattern it would suggest that the species average body size of could explain the 
degree of SSD observed across taxa, and that perhaps a single underlying physiological 
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mechanism or evolutionary force may be responsible for generating such trends (Abouheif 
and Fairbairn 1997). It has been proposed that in groups that follow RR, the sex with the 
larger body size variation (males) is the driver of size divergence, while body size of the less 
variable sex (females) co-varies passively with that of males (Fairbairn 1997, Herczeg et al. 
2010). Importantly, while many studies put forth adaptive explanations for the observed 
variability in SSD, non-adaptive alternatives such as phylogenetic conservatism (Felsenstein 
1985; Harvey and Pagel 1991) may explain the maintenance of specific SSD patterns in some 
cases. Also, species have a shared evolutionary history such that closely related species may 
be more similar to one another than expected by chance (Felsenstein 1985).  For instance, of 
the observed SSD variation in primates, 50% could be explained by phylogenetic history, 
36% by differences in size or scaling, and the remaining 14% by variation in habitat, mating 
system and diet (Cheverud et al. 1985). Thus, analyses should employ the comparative 
method (Harvey and Pagel 1991) when examining patterns across multiple taxa. 
Studies on RR in turtles are scarce, partly due to our poor knowledge about the 
biology and reproductive life history of many species (i.e., body size of males and females at 
sexual maturity is largely unknown), and because phylogenetic relationships of many species 
are still being elucidated (Bickham et al. 2007). The earliest study of SSD in turtles (Berry 
and Shine 1980), reported that the ratio of male body size to female body size (the 
measurement used to quantify SSD) of 8 kinosternid species increased with mean body size 
(figure 2 in Berry and Shine 1980), thus supporting RR. In a second study, carapace length 
and SSD of 63 turtle species from 8 families were analyzed, but no clear relationship was 
found (Gibbons and Lovich 1990). The authors concluded that turtles do not follow RR, and 
suggested that previous reported trends of body size in turtles may be the result of sampling 
size or other errors (Gibbons and Lovich 1990). In a third study, a comprehensive 
comparative analysis of allometry for SSD on several vertebrates (including turtles) and 
invertebrates reviewed from the literature, concluded that overall “RR is general and highly 
significant” (Abouheif and Fairbairn 1997). Finally, a recent phylogenetic study of SSD in 
emydid turtles concluded that only the species that exhibited male-biased SSD followed RR, 
but not those species with female-biased SSD (Stephens and Wiens 2009). Thus the 
macroevolutionary relationship of SSD and body size still remains obscure in turtles, and its 
assessment is important because it provides information on which sex is the main driver of 
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the evolution of SSD this clade. If males are found to evolve faster than females, then sexual 
selection may be the evolutionary force underlying such pattern, but if females are found to 
evolve faster than males, then fecundity selection may be more important in turtles. 
Alternatively if no particular sex is the main driver, then, it would suggest that a mixture of 
evolutionary forces may be acting simultaneously in this group. 
Here we examine the trends in the evolution of male and female body size and how 
they co-vary with SSD through evolutionary time at various taxonomic levels. We use the 
comparative method and an expanded taxonomic coverage from that used in previous studies 
in this group to test whether or not males drive macroevolutionary patterns in a manner 
consistent with RR. The following predictions were made, and are depicted in figure 1. (1) If 
males are the main driver of SSD evolution because they change body size (increase or 
decrease) disproportionally faster than females through evolutionary time (Rensch 1950, 
1960; Abouheif and Fairbairn 1997), then SSD should increase with the species average body 
size in male-biased SSD species, or SSD should decrease with size in female-biased SSD 
species (scenarios 1a and 1b in figure 1). This pattern follows RR and may be explained by 
sexual selection. (2) If females are the main driver of SSD evolution because they change 
their body size disproportionally faster than males through evolutionary time, then SSD 
should increase with the species average body size in female-biased SSD species, or SSD 
should decrease with body size in species with male-biased SSD species (scenarios 2a and 2b 
in figure 1). This pattern is the converse of RR and may be explained by fecundity selection. 
(3) Alternatively, if neither sex changes body size disproportionally faster than the other 
through evolutionary time, but instead both sexes influence the evolution of SSD, then SSD 
should remain isometric overall as species average body size increases or decreases 
regardless of the SSD pattern (scenarios 3a and 3b in figure 1). This third scenario is also 
counter to RR, and may be explained by the action of multiple evolutionary forces including 
sexual selection, fecundity selection or natural selection on the evolution of SSD in turtles. 
These predictions were tested using a non-directional approach in which body size of 
males and females across extant species was correlated while accounting for the phylogenetic 
non-independence of the taxa. Furthermore, we also reconstructed ancestral body size values 
of males and females to estimate how SSD varied through evolutionary time (i.e., whether 
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female-biased SSD is ancestral and male-biased SSD derived, or vice versa), and how 
changes in SSD co-varied with changes in body size of males or females. 
MATERIALS AND METHODS 
 Data collection 
Data on body size [average linear carapace length or LCL (mm)] for males and 
females were gathered from over 450 published papers (and references cited therein when 
appropriate). Body size data were found for 138 out of 320 extant turtle species (43%), 
belonging to 10 out of the 14 chelonian families (71%) (Iverson et al. 2007). Table 1 
summarizes the average, minimum, and maximum body size of males and females per 
family. Appendix 1 lists the raw data on body size per sex and species, and the respective 
bibliographic source. For studies that reported the minimum and maximum LCL we 
calculated the average of the two. Studies reporting only the maximum or only the minimum 
values were excluded. Body size data of juveniles or unsexed individuals were also excluded. 
When data for the same species were found in multiple studies, all values were used to 
calculate a single average body size for each sex for that taxon. We followed the species 
scientific names suggested by the Turtle Taxonomy Specialist Group (Bickham et al. 2007) 
for taxa whose names are still debated (i.e., Phrynops zuliae can be found as Batrachemys 
zuliae). Body size data were natural-log transformed to correct for heteroscedasticity. 
Phylogenetic relationships were based on a recent turtle supertree of all recognized 
living chelonians (Iverson et al. 2007). In this supertree the phylogenetic relationships of 
most turtle families were well resolved and supported, except for Platysternidae and 
Chelydridae. Within families, the relationships among most genera were also well-resolved 
(Iverson et al. 2007). The supertree was dated (Valenzuela and Adams, unpublished data) by 
fossil calibration using 21 divergence times among major lineages obtained from a fossil-
calibrated turtle molecular phylogeny (Near et al. 2005), and implementing calibration 
methods specific for phylogenetic supertrees [(Bininda-Emonds et al. 2007) and references 
therein]. Posteriorly the supertree was pruned to include only the species for which body size 
data were collected, which was done using library “ape” (Paradis et al. 2006) in R software 
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version 2.11.1. The resulting phylogenetic tree (n=138) was used in statistical analyses as 
described below. 
Statistical analysis 
To test if SSD increases, decreases or remains isometric with average body size of the 
species (figure 1), data on body size (log transformed) of males and females were correlated 
using a phylogenetic Generalized Least Squares (PGLS) model (Grafen 1989; Martins and 
Hansen 1997). This analysis accounts for the shared evolutionary history of species which 
otherwise may result in false correlations between traits (Felsenstein 1985; Harvey and Pagel 
1991; Revell 2010). The PGLS model is a phylogenetic regression (Grafen 1989) in which 
the phylogenetic relationships are incorporated into the error covariance. Although there is 
no a priori reason to use one or the other sex as the dependent variable (Fairbairn 1997) we 
used males as the independent variable to facilitate comparison with previous studies 
(Fairbairn 1997, 2005; Frydlova and Frynta 2010; Herczeg et al. 2010; Polak and Frynta 
2010; Remes and Székely 2010). It should be noted that Felsenstein's (1985) independent 
contrasts (FIC) method has been used in the past in several studies of SSD of vertebrates 
including turtles (Gosnell et al. 2009, Stephens and Wiens 2009, Tubaro and Bertelli 2003). 
FIC is a special case of PGLS (Garland and Ives 2000; Rohlf 2001a), but multifurcations in 
the phylogeny can be accommodated more straightforwardly using PGLS (Rohlf 2001a).  
Because RR was initially proposed for “closely-related species” (Rensch 1950), and 
given that global analysis can hide significant patterns in smaller groupings (Stephens and 
Wiens 2009), PGLS was performed at different taxonomic levels: (a) across the entire order 
chelonia, (b) among families, and (c) monophyletic groups within families when sample size 
allowed. PGLS models were performed using library “geiger” and “ape” (Paradis et al. 2004) 
in R software version 2.8.1.  To determine how SSD varies with body size we examined the 
slope of the regression of body size of males on females and interpreted the results as 
follows. (1) If the slope is larger than one (b > 1), then SSD evolves as predicted by RR (as 
described above; scenarios 1a and 1b, figure 1). (2) If the slope is lower than 1 (b < 1), then 
SSD evolves opposite to RR (scenarios 2a and 2b, figure 1). (3) If the slope is not different 
than 1 (b = 1), SSD evolves in overall isometry with body size also counter to RR (scenarios 
3a and 3b, figure 1). 
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Reconstruction of ancestral character values 
To determine the directionality in the evolution of SSD patterns, (i.e., if male-biased 
is ancestral or derived compared to female-biased SSD) for all chelonians, to discern the 
evolutionary patterns in different subclades, and to determine how SSD patterns relate to 
changes in body size of males and females through evolutionary time, we reconstructed 
ancestral body size values of each sex for the entire turtle clade. Ancestral states of body size 
were then used to test the above hypotheses in the following way. (1) If a lineage follows a 
pattern of RR, then body size of males should evolve relatively faster (increase or decrease 
body size proportionally faster) than females through evolutionary time. (2) If a lineage 
follows a pattern opposite to RR, then body size of females should evolve relatively faster 
(increase or decrease body size proportionally faster) than males. (3) If a lineage follows a 
pattern of isometry, then there should be no pattern in the direction or magnitude of size 
changes of males and females. 
Ancestral states of body size of both sexes were calculated for all nodes of the turtle 
phylogenies using maximum likelihood (Schluter et al. 1997; Iverson et al. 2007). This was 
done using the “ace” function in the “Geiger” library in R software version 2.11.1 (Harmon 
et al. 2008). Ancestral values of male and female body size were mapped in the phylogenies 
and body size changes were examined. SSD of each species and ancestral node were 
quantified using the Lovich-Gibbons SSD index by dividing body size of the larger sex over 
that of the smaller sex and subtracting one (Lovich and Gibbons 1992; Stephens and Wiens 
2009). Finally, we calculated the rate of body size evolution for males and females for each 
subclade examined, and the evolutionary variance matrix that represents body size estimates 
for each sex. These rates were calculated using the function “ic.sigma” in Geiger library 
(Harmon et al. 2009) in R 2.11.1 (R_Development_Core_Team 2010). 
RESULTS 
Concordance to Rensch's rule predicted patterns  
We found support for a pattern of isometry at the level of the order Chelonia as the 
correlation of male body size with female body size of the 138 turtle species compiled in this 
study had a slope not different from one (figure 2, table 2). Most of the extant species 
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exhibited a female-biased SSD, and only 28% of the species (n = 38) exhibited male-biased 
SSD. At the family level we found that Chelidae, Cheloniidae, Emydidae, Geoemydidae, 
Kinosternidae, Testudinidae and Trionychidae had a slope not different from one, also 
following a pattern of isometry (scenario 3 in figure 1, table 2). In contrast, the family 
Podocnemididae had a slope greater than one, thus following a pattern exactly opposite to 
RR. At a finer taxonomic scale we observed that both subfamilies within Emydidae 
(Deirocheylinae and Emydinae), three subclades within Chelidae (Chelodina, Elseya and 
Chelus), and two subclades within Geoemydidae (Mauremys and Kachuga) had a slope not 
different from one, thus following a pattern of isometry as well. Finally, the family 
Testudinidae was more diverse, with the subclades Chelonoidis, Manouria and Testudo 
displaying a slope not different from one, less than one, and greater than one, respectively. 
That is, clades within Testudinidae spanned all three potential scenarios: isometry, a pattern 
exactly opposite to RR, and a pattern consistent with RR, respectively. Within the 
Chelydridae family (n = 3) and Chelidae subclades Chelodina (n = 6), Chelus (n = 6), 
Rhinoclemmys (n = 4), the PGLS model was not statistically significant due to the low 
sample size (table 2). In Chelydridae, all species exhibit a male-biased SSD pattern, and SSD 
was greater in the larger species Macrochelys temminckii, while SSD was lesser in the 
smaller species Chelydra spp. (figure 6). Furthermore, this family had the highest 
evolutionary rate of body size of all turtle families, and that of males was remarkably higher 
(143%) than the rate of females (table 3). Thus, while not statistically significant, this family 
has a pattern of SSD and body size consistent with RR. 
Ancestral body size values 
When ancestral values of body size of males and females were calculated for the 
entire turtle order, we observed that the female-biased SSD state is ancestral (figure 3), while 
the male-biased SSD is derived and has evolved multiple times. Some reversals to female-
biased SSD were also detected. Indeed, the male-biased SSD pattern has evolved in every 
turtle family at least once (except in the family Carettochelyidae that has only one living 
species, Carettochelys insculpta, which is female-biased. 
An inspection of the ancestral states of body size of males and females reveals that in 
the families Chelidae, Cheloniidae, Emydidae, Geoemydidae, Kinosternidae, Testudinidae, 
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and Trionychidae (figures 4, 5, 7, 8, 9, 11) there is not a sole sex that changed body size 
disproportionally more than the other. Instead, ancestral nodes of both sexes in these families 
changed (increase and decrease) body size through evolutionary time. SSD varied from 
female-biased to male-biased, and in some cases it was reversed (e.g., Geoemydidae, 
Kinosternidae, Testudinidae), such that SSD values balanced out to generate a pattern of 
overall isometry in which SSD does not vary with body size. In contrast, in the two clades 
that followed a pattern exactly opposite to RR (Podocnemididae and subclade Manouria), 
females exhibited greater magnitude of change in body size (faster evolutionary rates) 
compared to males (represented by thicker right-hand arrows in figures 10 and 11) regardless 
of their SSD. Indeed, in Podocnemididae most species are female-biased (6 out of 7) and 
SSD was more accentuated rather than attenuated in larger species. Ancestral values of male 
and female body size also revealed an increase in SSD as species evolved, and this increase 
was associated with greater increases in body size of females (four times greater) compared 
to males. In the Manouria subclade (n = 5) there were 2 species with male-biased SSD, and 3 
with female-biased SSD, and notably in all of them changes in SSD were driven by greater 
size changes in females compared to males. Finally, in the group that followed RR, i.e. the 
Testudo subclade within Testudinidae, the ancestral states of body size of males changed in 
magnitude disproportionally more (faster evolutionary rates) than those of females 
(represented by thicker left-hand arrows in figure 1). 
Body size evolutionary rates of males and females were calculated at different 
grouping levels and summarized in table 3. Consistenly with the observations of the 
magnitude of change in body size of males and females described above, in groups that 
followed the converse pattern to RR females evolved at a faster rate than males: 4 times 
faster in Podocnemididae and 2.4 times faster in the Manouria subclade. In contrast, in 
groups that followed RR, i.e. the Testudo subclade, males evolved at a rate 1.3 times faster 
than females. The opposite however was not true, as there were families that followed a 
pattern of isometry yet body size of females evolved faster than that of males or vice versa. 
This is explained because changes in body size through evolutionary time did not occur in a 
single direction (e.g. body size always increasing or decreasing). Instead, body size of one 
sex (e.g. males) increased at faster rates than the other sex (e.g. females), while in other 
lineages (of the same clade) is the opposite (e.g. females evolve size faster than males), such 
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that the observed SSD in extant species of the same clade does not vary with the average 
body size of the species and generates a pattern of overall isometry. In other words, if males 
exhibit a faster evolutionary rate compared to females then it implies that males may be 
driving the evolution of SSD, and vice versa for the females case.  
DISCUSION 
Body size is among the most conspicuous difference between males and females in 
many animals (Andersson 1994), and it is so highly variable that many studies have focused 
on understanding the causes and patterns of variation of body size. An important large-scale 
pattern observed between SSD and body size is Rensch's rule (RR), which states that SSD 
increases with body size in species in which males are larger than females, but decreases with 
body size in species in which females are larger than males (Rensch 1950, 1960). This 
pattern implies that males increase body size at a faster evolutionary rate than females, 
suggesting that males are the main drivers of the evolution of SSD. In this study we 
examined the covariation of SSD and body size across turtles to test if SSD increases, 
decreases or remains constant with body size (patterns consistent with RR, opposite to RR or 
isometric, respectively), and if there is a sex in particular that drives the evolution of SSD 
(males, females or both). We found that the chelonian order as well as most families and 
subclades within families exhibit an isometric pattern between SSD and body size (scenarios 
3a and 3b in figure 1). Thus we found no evidence that turtles follow RR overall. 
Finding no overall support for RR in turtles has several important evolutionary 
implications. First, RR implies that there is greater evolutionary divergence in male size than 
in female size during the evolutionary history of the clade (Fairbairn 2005). While we did not 
detect evidence for RR across all turtles we found that males did exhibit higher evolutionary 
rates of body size compared to females in 6 out of 9 families. Indeed, despite the isometric 
pattern between SSD and body size observed, our analysis of the direction and magnitude of 
separate changes in size of males and females from the common ancestor to extant taxa, 
revealed that both sexes increase and decrease size through time, and importantly, that males 
did so more drastically than females without any particular directionality.  
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Second, the most widely accepted force behind RR is sexual selection favoring larger 
body size of males (Fairbairn and Preziosi 1994; Abouheif and Fairbairn 1997; Szekely et al. 
2004), yet the pattern described in RR has been found in taxa in which SSD is not correlated 
with sexual selection. For instance, varanid lizards exhibit a pattern consistent with RR, but 
SSD is not correlated with male-male combat, or with clutch size or habitat type (Frydlova 
and Frynta 2010). Likewise, not finding a pattern consistent with RR in turtles (this study) 
does not rule out the possibility that sexual selection may still be favoring larger body size in 
males via male-male combat or female choice (Berry and Shine 1980). In fact, SSD in turtles 
has been found to vary with reproductive strategy (male-male combat, forced insemination), 
as well as with habitat type, fecundity traits (clutch and egg size), and sexual differences in 
the diet (Berry and Shine 1980; Gibbons and Lovich 1990; Gosnell et al. 2009; Stephens and 
Wiens 2009). 
Third, RR has been supported mainly in male-biased SSD clades, and in very few 
female-biased clades (Szekely et al. 2004; Fairbairn 2005; Stuart-Fox 2009). In our study 
72% of the turtle species for which body size data were compiled were female-biased, and 
the remaining 28% were male-biased. Thus if turtles are considered a clade with an overall 
female-biased SSD pattern, our results would support the hypothesis that female-biased 
species do not generally follow RR. Therefore, our findings contradict previous suggestions 
that RR is predominant in vertebrates (Abouheif and Fairbairn 1997; Fairbairn 2005). This is 
not surprising if different forces beyond sexual selection drive SSD evolution, as may be the 
case in turtles (Berry and Shine 1980; Fairbairn 1997; Stephens and Wiens 2009).  
While our results are consistent with some previous studies on RR in turtles, they run 
counter to others. For instance, one such study looked at the relationship between SSD and 
body size of 63 turtle species from 8 different families and concluded that turtles do not 
follow any pattern in particular (Gibbons and Lovich 1990). While this study did not account 
for the phylogenetic non-independence among taxa, the authors suggested that chelydrids and 
testudinids were major exceptions to this overall pattern (Gibbons and Lovich 1990). Our 
results are in agreement with those two families not following RR. A more recently study 
tested several hypotheses related to the evolution of SSD in emydid turtles, including that 
described by RR (Stephens and Wiens 2009), and concluded that emydids show a pattern 
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consistent with RR, particularly those species with male-biased SSD (mainly the subfamily 
Emydinae). Our results differ from those in that we found support for an isometric pattern 
between SSD and body size in the Emydidae family as well as in its two subfamilies. These 
discrepancies may be due to two reasons. First, the phylogenetic hypotheses differed between 
studies, with different species topology and branch lengths, which could potentially affect the 
results. Our analysis also included two more species, and lacked the subdivision by 
subspecies that was incorporated in the other analysis [i.e., Stephen and Weins (2009) used 
Graptemys ou. ouachitensis and Graptemys ou. sabinensis while we included Graptemys 
ouachitensis]. Additionally, the coefficient of correlation of the regression of male body size 
on female body size at the family level in our data is very low (R2=0.1791) which suggests 
that the model explains less than 20% of the variation of the data. No correlation coefficient 
is reported in Stephen and Weins (2009), but using their published data we calculated 
R2=0.307. A low correlation coefficient is indicative of relatively weak pattern and thus it is 
more conservative to conclude that the data support a pattern of isometry rather than RR. In 
stark contrast, an earlier study found support for RR in 11 species of kinosternid turtles 
(Berry and Shine 1980). We also found a slope larger than one in the correlation of body size 
of males on females in this group, however it was not significant due to a large 95% 
confidence interval, which also suggest that high variability between SSD and body size 
exists in this family, which fails to support RR. 
Proximate mechanisms 
Besides sexual selection, fecundity selection, or ecological selection influencing SSD, 
other proximate mechanisms can affect SSD variability in a way consistent with RR. For 
example, differential phenotypic plasticity between sexes has been proposed as a potential 
mechanism affecting SSD (Fairbairn 2005) in a way consistent with RR across species. This 
hypothesis was tested through a common garden experiment in which insects Aquarius 
remigis, that exhibit female-biased SSD, were raised under different temperature 
environments. Genital length in males did not vary any greater across environments than it 
did in females, ruling out the sexual selection hypothesis. In contrast, total body length varied 
more in males than in females, supporting the differential-plasticity hypothesis as a 
mechanism underlying RR (Fairbairn 2005). 
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We recently tested this hypothesis on two turtle species with contrasting SSD pattern, 
Chelydra serpentina which exhibits male-biased SSD, and Podocnemis expansa which 
exhibits female-biased SSD (Ceballos and Valenzuela in prep. a, b). We found that in C. 
serpentina differential-plasticity appears to facilitate SSD in a manner consistent with RR. 
Concordantly in the present study, low sample size notwithstanding (n = 3), SSD in 
chelydrids increased with body size consistently with RR. In contrast, no differential growth 
plasticity was observed between the sexes in P. expansa. Podocnemis expansa belongs to the 
family Podocnemididae that did not follow RR in the present study, but exhibits the exact 
opposite pattern. In other words, the differential plasticity hypothesis was supported in a 
species belonging to a clade that follows RR, and was rejected in a species belonging to a 
clade that follows the converse pattern to RR. If the differential plasticity hypothesis is 
indeed a mechanism underlying the allometric pattern of RR, then species that follow RR 
should also exhibit differential plasticity between sexes as C. serpentina does (Ceballos and 
Valenzuela in prep. a). For example, turtles in the Testudo clade that were found to follow 
RR (male-biased SSD species) should also exhibit differential growth plasticity with males 
being more plastic than females. Further studies are needed to test these predictions in 
additional turtles, other vertebrates and invertebrates. 
In conclusion, we have found evidence that SSD and body size in turtles do not 
follow a pattern consistent with RR, but a pattern of overall isometry in which SSD does not 
increase with body size. We conclude that neither sex is driving the evolution of body size 
across all turtles, but instead, that selection operates more strongly in one sex in some 
lineages while it operates more strongly on the other sex (or equally in both sexes) in other 
lineages. It is widely accepted that sexual selection is the main driver of RR. The lack of a 
pattern consistent with RR overall, rules out sexual selection as the main driver of SSD 
evolution in turtles. Greater evolutionary changes observed in male size in Chelidae, 
Chelydridae, Geoemydidae, Kinosternidae and Testudinidae indicate that sexual selection 
may be stronger in those groups. In contrast, greater changes in female size in Cheloniidae, 
Podocnemididade, Trionychidae suggest that fecundity selection may predominate in those 
lineages. 
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 Table 1. Summary statistics of body size (average linear carapace length, mm) of males and 
females of extant turtle species collected from published literature. Body size data by species 
and bibliographic references are included in appendix 1. n = number of species per family 
included in this study out of the total existing number (in parenthesis). Ave= average body 
size, Min = minimum body size, Max = maximum body size. 
 
Male size (mm) Female size (mm) 
Family n 
Ave. Min. Max. Ave. Min. Max. 
Carettochelyidae 1 (1) 302 302 302 371 371 371 
Chelidae 20 (56) 213 117 362 252 145 413 
Cheloniidae 5 (6) 778 605 929 801 585 963 
Chelydridae 3 (4) 154 89 469 205 106 390 
Emydidae 32 (54) 137 89 272 195 106 331 
Geoemydidae 24 (66) 191 98 438 239 117 500 
Kinosternidae 13 (25) 119 74 175 114 84 153 
Podocnemididae 7 (8) 271 173 384 364 214 633 
Testudinidae 25 (45) 241 75 852 244 82 749 
Trionychidae 8 (27) 321 149 865 372 135 913 
Total / Average 138 288 187 531 329 204 565 
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Table 2. Results from the phylogenetic Generalized Least Square (PGLS) regressions of male 
body size on female body size of turtles at different taxonomic levels. Classification of the 
pattern as following RR (b>1), the converse of RR (b<1), or isometry (b=1) as depicted in 
figure 1 is included. NS = not significant at alpha = 0.05.  
 
Taxa  Significance Intercept (95% CI) 
Slope b (95% 
CI) Classification 
1. Turtle clade F = 553.81, n=138, P<0.0001 
0.034 (-1.252, 
1.320) 
0.970 (0.889, 
1.052) Isometry 
2. Chelidae F=17.29, n=20, P<0.0001 
1.239 (-0.935, 
3.415) 
0.748 (0.370, 
1.126) Isometry 
2.1. Chelodina 
subclade P=0.5338, n=6   NS 
2.2. Elseya 
subclade 
F=15.173, n=8, 
P=0.008 
1.634 (-0.811, 
4.081) 
0.684 (0.254, 
1.114) Isometry 
2.3. Chelus 
subclade P=0.1194, n=6   NS 
3. Cheloniidae F=184.23, n=5, P=0.0054 
0.220 (-0.633, 
1.075) 
0.919 (0.628, 
1.211) Isometry 
4. Chelydridae P=0.1069, n=3   NS 
5. Emydidae F = 56.61, n=32, P<0.0001 
-0.221 (-1.694, 
1.252) 
0.997 (0.726, 
1.267) Isometry 
5.1.Deirocheylinae F=6.89, n=22, P=0.0162 
0.491 (-3.072, 
4.053) 
0.836 (0.172, 
1.500) Isometry 
5.2. Emydinae F=142.06, n=10, P<0.0001 
-0.292 (-1.311, 
0.727) 
1.063 0.857, 
1.269) Isometry 
6. Geoemydidae F=32.17, n=24, P<0.0001 
0.376 (-1.531, 
2.283) 
0.893 (0.562, 
1.219) Isometry 
6.1. Rhinoclemmys 
subclade P=0.6525, n=4   NS 
6.2. Mauremys 
subclade 
F=33.45, n=13, 
P<0.0001 
1.060 (-0.513, 
2.633) 
0.774 (0.479, 
1.068) Isometry 
6.3. Kachuga 
subclade 
F=7.77, n=7, 
P=0.0385 
-1.064 (-7.016, 
4.888) 
1.129 (0.088, 
2.171) Isometry 
7. Kinosternidae F=9.64, n=13, P=0.01 
0.513 (-1.933, 
2.959) 
0.894 (0.377, 
1.411) Isometry 
8. Podocnemididae F=40.008, n=7, P=0.0015 
1.787 (0.228, 
3.344) 
0.664 (0.394, 
0.933) Converse RR 
9. Testudinidae F=644.20, n=25, P<0.0001 
-0.505 (-1.129, 
0.119) 
1.081 (0.993, 
1.169) Isometry 
9.1. Chelonoidis 
subclade 
F=445.904, 
n=12, P<0.0001 
-0.602 (-1.318, 
0.112) 
1.103 (0.986, 
1.219) Isometry 
9.2. Manouria 
subclade 
F=457.02, n=5, 
P<0.0001 
1.766 (1.193, 
2.340) 
0.675 (0.574, 
0.775) Converse RR 
9.3. Testudo 
subclade 
F=466.141, n=8, 
P<0.0001 
-1.226 (-1.953, -
1.953) 
1.222 (1.083, 
1.360) RR 
10. Trionychidae F=34.26, n=8, P=0.0011 
0.495 (-1.676, 
2.667) 
0.895 (0.521, 
1.270) Isometry 
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Table 3. Evolutionary rates of body size (mm of carapace length/million years) of males and 
females in the entire turtle order, and among families and subclades within families. 
Classification of the pattern of SSD present in each taxonomic unit as following RR or not 
(from Table 2) is also included. 
 
Evolution rates of 
body size Comparison 
Clade 
Male Female 
Percentage of 
change of 
males in 
relation to 
females 
Evolutionar
y rate ratio 
(male: 
female) 
SSD and 
body size 
pattern 
found in this 
study (from 
table 2) 
1. Turtle clade 605,920 570,138 6% faster 1.1:1 Isometry 
2. Chelidae 24,395 20,311 20% faster 1.2:1 Isometry 
2.1. Chelodina subclade 1,533 1,442 6% faster 1.1:1 NS 
2.2. Elseya subclade 9,905 7,017 41% faster 1.4:1 Isometry 
2.3. Chelus subclade 12,936 11,816 9% faster 1.1:1 NS 
3. Cheloniidae 28,855 35,679 19% slower 0.8:1 Isometry 
4. Chelydridae 11,413 4,691 143% faster 2.4:1 NS 
5. Emydidae 13,973 8,746 60% faster 1.6:1 Isometry 
5.1.Deirocheylinae 6,867 3,295 108% faster 2.1:1 Isometry 
5.2. Emydinae 7,104 5,291 34% faster 1.3:1 Isometry 
6. Geoemydidae 74,286 52,664 41% faster 1.4:1 Isometry 
6.1. Rhinoclemmys 
subclade 
353 927 162% slower 1:2.6 NS 
6.2. Mauremys subclade 20,907 18,061 15% faster 1.2:1 Isometry 
6.3. Kachuga subclade 52,832 32,850 60% faster 1.6:1 Isometry 
7. Kinosternidae 2,571 1,381 86% faster 1.9:1 Isometry 
8. Podocnemididae 20,839 85,181 76% slower 0.2:1 Converse 
RR 
9. Testudinidae 323,969 246,105 32% faster 1.3:1 Isometry 
9.1. Chelonoidis 
subclade 
288,132 211,411 36% faster 1.4:1 Isometry 
9.2. Manouria subclade 6,403 15,455 59% slower 0.4:1 Converse 
RR 
9.3. Testudo subclade 14,641 11,097 32% faster 1.3:1 RR 
10. Trionychidae 90,911 102,014 11% slower 0.9:1 Isometry 
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Figure 1. Representation of potential outcomes of the relationship between sexual size 
dimorphism (SSD) and body size of males and females tested in this study. Scenarios 1a and 
1b represent a pattern consistent with Rensch’s rule, scenarios 2a and 2b represent the 
converse pattern of Rensch’s rule, and scenarios 3a and 3b represent a pattern of isometry 
between SSD and body size which is also counter to Rensch’s rule. The gray area represents 
species with male-biased SSD, and the white area represents species with female-biased SSD 
(figures modified from Fairbairn 1997, 2005). Notice that SSD increases as body size 
increases in scenarios 1a and 2a, SSD decreases as body size increases in scenarios 1b and 
2b, and SSD does not change as body size changes in 3a and 3b. 
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Figure 2. Relationship of male body size on female body size (natural log of average linear 
carapace length, mm) of turtle species (n = 138) collected from published studies. The dashed 
line indicates isometry and the solid line represents the linear model fitted to the data. The 
entire turtle order follows a pattern of isometry after accounting for the phylogenetic 
relationships of the species (see statistics in table 2). 
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Figure 3. Phylogenetic relationships (modified from Iverson et al. 2007) and estimated sexual 
size dimorphism of extant turtles (n=137) and ancestral species. Gray branches denote 
female-biased SSD, and black branches denote male-biased SSD. Log-likelihood of the 
ancestral reconstruction of male body size = -5963.049, and of female body size = -5119.245. 
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Figure 4. Phylogenetic relationships (modified from Iverson et al. 2007), male and female 
body size of extant turtles, and estimated size of ancestral species of the Chelidae family. 
Log-likelihood for ancestral reconstruction of male body size = -201.2056, and of female 
body size = -194.7014. Upper box numbers indicate mean body size of males and lower box 
numbers indicate mean body size of females (carapace length, mm). Gray branches denote 
female-biased SSD, and black branches denote male-biased SSD. Arrows indicate increases 
(pointing upwards) or decreases (pointing downwards) in body size between nodes for males 
(left-hand arrows) and females (right-hand arrows). Thicker arrows denote a relatively faster 
evolutionary rate of body size of one sex compared to the other. Male-biased SSD is denoted 
by an asterisk, and unbiased SSD by two asterisks, otherwise SSD is female-biased.   
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Figure 5 Phylogenetic relationships (modified from Iverson et al. 2007), male and female 
body size (carapace length, mm) of extant turtles, and estimated size of ancestral species of 
the Cheloniidae family. Log-likelihood for ancestral reconstruction of male body size = - 
42.3076, and of female body size = -43.1566). Symbols and abbreviations as in figure 4. 
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Figure 6. Phylogenetic relationships (modified from Iverson et al. 2007), male and female 
body size (carapace length, mm) of extant turtles, and estimated size of ancestral species of 
the Chelydridae family. Log-likelihood for ancestral reconstruction of male body size = -
19.365, and of female body size = -17.520. Symbols and abbreviations as in figure 4. 
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Figure 7. Phylogenetic relationships (modified from Iverson et al. 2007), male and female 
body size (carapace length, mm) of extant turtles, and estimated size of ancestral species of 
the Emydidade family. Log-likelihood for ancestral reconstruction of male body size  = -
306.0363, and of female body size = -295.9699. Symbols and abbreviations as in figure 4. 
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Figure 8. Phylogenetic relationships (modified from Iverson et al. 2007), male and female 
body size (carapace length, mm) of extant turtles, and estimated size of ancestral species of 
the Geoemydidae family. Log-likelihood for ancestral reconstruction of male body size = -
326.707, and of female body size = -278.6290. Symbols and abbreviations as in figure 4. 
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Figure 9. Phylogenetic relationships (modified from Iverson et al. 2007), male and female 
body size (carapace length, mm) of extant turtles, and estimated size of ancestral species of 
the Kinosternidae family. Log-likelihood for ancestral reconstruction of male body size = -
110.5487, and of female body size = -108.6019. Symbols and abbreviations as in figure 4. 
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Figure 10. Phylogenetic relationships (modified from Iverson et al. 2007), male and female 
body size (carapace length, mm) of extant turtles, and estimated size of ancestral species of 
the Podocnemididae family. Log-likelihood for ancestral reconstruction of male body size = -
61.5087, and of female body size = -70.27013. Symbols and abbreviations as in figure 4. 
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Figure 11. Phylogenetic relationships (modified from Iverson et al. 2007), male and female 
body size (carapace length, mm) of extant turtles, and estimated size of ancestral species of 
the Testudinidae family. Log-likelihood for ancestral reconstruction of male body size = -
647.25, and of female body size = -542.01. Symbols and abbreviations as in figure 4. 
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Figure 12. Phylogenetic relationships (modified from Iverson et al. 2007), male and female 
body size (carapace length, mm) of extant turtles, and estimated size of ancestral species of 
the Trionychidae and Carettochelyidae families. Log-likelihood for ancestral reconstruction 
of male body size = -121.9799, and of female body size = -122.6641. Symbols and 
abbreviations as in figure 4. 
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Appendix 1. Average body size (average linear carapace length, mm) of males and females 
of extant turtle species reported in the literature and included in this study. 
 
Taxa Male Female Reference 
Carettochelyidae    
Carettochelys insculpta 302.00 371.00 (Gosnell et al. 2009) 
Chelidae    
Acanthochelys macrocephala 163.00 196.00 (Georges et al. 2006) 
Batrachemys zuliae 191.00 263.00 (Gibbons and Lovich 1990) 
Bufocephala vanderhaegei 117.00 162.00 (Pritchard and Trebbau 1984) 
Chelodina burrungandjii 199.37 249.13 (Yanosky et al. 2000) 
Chelodina canni 161.00 221.00 (Gosnell et al. 2009) 
Chelodina longicollis 172.00 200.00 (Gosnell et al. 2009) 
Chelodina mccordi 179.50 189.50 (Graham et al. 1996) 
Chelodina parkeri 254.00 289.00 (Kuchling et al. 2007) 
Chelodina rugosa 228.00 255.88 (Georges et al. 2006) 
Chelus fimbriatus 280.00 390.67 (Holmstrom 1978, Sanchez-Villagra et al. 1995) 
(Holmstrom 1978, 2 data) 
Elseya branderhorsti 362.00 413.00 (Kennett 1999) 
Elseya albagula 262.00 385.9 (Georges et al. 2006) 
Elseya dentata 225.00 274.25 (Hamann et al. 2008) 
Elseya novaeguineae 201.00 250.00 (Kennett 1999) 
Elseya latisternum 199.30 262.3 (Georges et al. 2006) 
Emydura macquarii 183.50 208.00 (Trembath et al. 2004; Hamann et al. 2008) 
Emydura subglobosa 154.00 194.33 (Hamann et al. 2008) 
Platemys platycephala 157.25 144.75 (Ernst 1983, Gibbons and Lovich 1990, Pritchard and 
Trebbau 1984) 
Ranacephala hogei 327.00 232.00 (Georges et al. 2006) 
Rheodytes leukops 246.00 250.00 (Rhodin et al. 1982) 
Cheloniidae    
Caretta caretta 928.75 927.50 (Dodd 1988; Gibbons and Lovich 1990; Ernst et al. 2007) 
Chelonia mydas 887.75 962.75 (Van Buskirk and Crowder 1994; Ernst et al. 2007) 
Eretmochelys imbricata 801.00 831.00 (Gibbons and Lovich 1990) 
Lepidochelys kempii 605.00 585.00 (Gibbons and Lovich 1990) 
Lepidochelys olivacea 665.20 701.00 (Beavers and Cassano 1996, da Silva et al. 2007, Plotkin et 
al. 1996, Pritchard and Trebbau 1984, Zug et al. 1997) 
Chelydridae    
Chelydra acutirostris 261.77 264.53 (Witzell et al. 2005) (only 3 individuals per sex) 
Chelydra serpentina 279.40 259.60 (Aresco and Gunzburger 2007, Gibbons and Lovich 1990) 
Macrochelys temminckii 469.08 390.03 (Boundy and Kennedy 2006, Dobie 1971, Gibbons and 
Lovich 1990, Morris and Sweet 1985, Trauth et al. 1998) 
Emydidae    
Actinemys marmorata 160.63 156.17 (Gibbons and Lovich 1990, Lovich and Meyer 2002, 
Lubcke and Wilson 2007, Stephens and Wiens 2009) 
Chrysemys picta 127.79 160.95 (Ernst 1971a, Ewert and Nelson 1991, Lefevre and Brooks 
1995, Rowe 1997, Stephens and Wiens 2009) 
Clemmys guttata 106.10 106.49 (Gibbons and Lovich 1990, Haxton 1998, Litzgus and 
Brooks 1998, Litzgus and Mousseau 2004, Seburn 2003, 
Stephens and Wiens 2009) 
Deirochelys reticularia 129.00 185.30 (Stephens and Wiens 2009) 
Emydoidea blandingii 204.51 197.60 (Germano et al. 2000, Gibbons and Lovich 1990, Rowe 
1992, Ruane et al. 2008, Stephens and Wiens 2009) 
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Appendix 1. (continued) 
 
Taxa Male Female Reference 
Emys orbicularis 128.63 139.60 (Arvy and Servan 1998, Ayaz et al. 2008, Stephens and Wiens 2009) 
Glyptemys insculpta 198.80 184.02 (Agarwal et al. 1986, Brooks et al. 1992, Lovich et al. 1990, Stephens 
and Wiens 2009) 
Glyptemys muhlenbergii 119.99 111.99 (Gibbons and Lovich 1990, Lovich et al. 1998, Stephens and Wiens 
2009) 
Graptemys barbouri 105.90 246.63 (Sanderson and Lovich 1988; Gibbons and Lovich 1990; Bonin et al. 
2006; Ernst et al. 2007; Múnera Isaza and Regalado Tabares 2009) 
Graptemys caglei 96.60 177.00 (Stephens and Wiens 2009) 
Graptemys ernsti 100.00 254.00 (Stephens and Wiens 2009) 
Graptemys flavimaculata 102.10 155.50 (Shelby et al. 2000, Stephens and Wiens 2009) 
Graptemys geographica 116.14 208.24 (Bonin et al. 2006; Ernst et al. 2007; Stephens and Wiens 2009) 
Graptemys gibbonsi 103.00 247.40 (Stephens and Wiens 2009)  
Graptemys nigrinoda 99.35 161.25 (Bonin et al. 2006; Ernst et al. 2007; Múnera Isaza and Regalado Tabares 
2009)  
Graptemys oculifera 91.10 160.30 (Bonin et al. 2006, Stephens and Wiens 2009) 
Graptemys ouachitensis 120.73 207.43 (Vogt 1980; Ernst et al. 2007; Stephens and Wiens 2009) 
Graptemys pseudogeographica 126.43 201.48 (Ewert and Nelson 1991, Gibbons and Lovich 1990, Stephens and Wiens 
2009, Vogt 1995) 
Graptemys pulchra 118.58 255.25 (Gibbons and Lovich 1990; Bonin et al. 2006; Ernst et al. 2007; Stephens 
and Wiens 2009) 
Graptemys versa 88.67 145.63 (Lovich 1985; Lindeman 2005; Ernst et al. 2007) 
Malaclemys terrapin 122.50 192.00 (Ernst et al. 1994; Conant and Collins 1998; Bonin et al. 2006; Ernst et 
al. 2007; Stephens and Wiens 2009) 
Pseudemys concinna 241.37 330.90 (Aresco and Dobie 2000, Gibbons and Lovich 1990, Stephens and Wiens 
2009) 
Pseudemys peninsularis 180.30 293.80 (Stephens and Wiens 2009) 
Pseudemys rubriventris 272.00 304.00 (Stephens and Wiens 2009) 
Pseudemys texana 142.30 285.20 (Etchberger and Iverson 1990; Gibbons and Lovich 1990; Stephens and 
Wiens 2009) 
Terrapene carolina 136.40 137.74 (Dodd 1997, Ernst et al. 1998, Gibbons and Lovich 1990, St Clair 1998, 
Stephens and Wiens 2009) 
Terrapene coahuila 122.33 112.00 (Gibbons and Lovich 1990, Tonge 1987) 
Terrapene nelsoni 141.50 136.90 (Stephens and Wiens 2009) 
Terrapene ornata 108.52 114.72 (Ewert and Nelson 1991, Gibbons and Lovich 1990, St Clair 1998, 
Stephens and Wiens 2009) 
Trachemys scripta 168.30 191.30 (Davis and Grosse 2008, Gibbons and Lovich 1990, Stephens and Wiens 
2009) 
Trachemys terrapen 145.00 216.00 (Ernst et al. 2007) 
Trachemys venusta 163.10 266.70 (Stephens and Wiens 2009) 
Geoemydidae    
Batagur baska 438.00 488.00 (Gibbons and Lovich 1990) 
Callagur borneoensis 340.00 460.00 (Gibbons and Lovich 1990) 
Cuora flavomarginata 141.71 149.05 (Chen and Lue 1999, 2002, Gibbons and Lovich 1990) 
Heosemys annandalii 412.10 364.00 (Gibbons and Lovich 1990) 
Heosemys depressa 234.00 237.00 (Platt et al. 2008) 
Kachuga dhongoka 190.00 440.00 (Platt et al. 2003) 
Kachuga kachuga 270.00 500.00 (Gibbons and Lovich 1990) 
Malayemys macrocephala 117.21 148.60 (Gibbons and Lovich 1990) 
Mauremys annamensis 168.70 191.10 (Brophy 2006) 
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Appendix 1. (continued) 
 
Taxa Male Female Reference 
Mauremys caspica 115.00 155.00 (Iverson and McCord 1994) 
Mauremys japonica 113.80 160.80 (Iverson and McCord 1994, Yabe 1989, Yabe 1992) 
Mauremys leprosa 130.40 159.20 (Busack and Ernst 1980) 
Mauremys mutica 149.92 146.35 (Iverson and McCord 1994, Yasukawa et al. 1996) 
Mauremys reevesii 99.00 124.50 (Muñoz and Nicolau 2006) 
Mauremys rivulata 98.00 125.00 (Gibbons and Lovich 1990) 
Mauremys sinensis 150.90 190.73 (Chen and Lue 1998, Chen and Lue 2008, Gibbons and Lovich 1990) 
Melanochelys trijuga 150.90 223.00 (Busack and Ernst 1980) 
Pangshura tecta 361.75 423.25 (Agarwal et al. 1986, Hossain and Sarker 1995a) 
Pangshura tentoria 150.67 215.33 (Bhadauria and Misra 1988, Gibbons and Lovich 1990, Narain et al. 
2006) 
Rhinoclemmys diademata 165.00 203.00 (Premkishore and Chandran 1996) 
Rhinoclemmys pulcherrima 153.00 179.00 (Pritchard and Trebbau 1984) 
Rhinoclemmys punctularia 176.50 160.37 (Hidalgo 1982) 
Rhinoclemmys nasuta 133.20 178.73 (Pérez, J. V., and J. Alegría. 2009) 
Vijayachelys_silvatica 115.20 116.90 (Paolillo 1985) 
Kinosternidae    
Kinosternon arizonense 141.30 130.83 (Gibbons and Lovich 1990, Iverson 1989) 
Kinosternon baurii 83.70 115.30 (Iverson 1978) 
Kinosternon chimalhuaca 121.00 108.00 (Iverson 1978) 
Kinosternon durangoense 139.00 120.00 (Berry et al. 1997) 
Kinosternon flavescens 120.06 101.71 (Gibbons and Lovich 1990) 
Kinosternon leucostomum 175.00 153.00 (Ewert and Nelson 1991) 
Kinosternon oaxacae 140.90 126.60 (Vogt and Guzman 1988) 
Kinosternon scorpioides 161.00 138.00 (Iverson 1986) 
Kinosternon sonoriense 100.00 111.00 (Pritchard and Trebbau 1984) 
Kinosternon subrubrum 87.91 88.31 (Gibbons and Lovich 1990, Lovich and Lamb 1995) 
Sternotherus carinatus  113.80 109.50 (Gibbons and Lovich 1990, Iverson 2002) 
Sternotherus depressus 74.17 83.83 (Gibbons and Lovich 1990) 
Sternotherus odoratus 88.69 89.86 (Gibbons and Lovich 1990; Ernst et al. 2007) 
Podocnemididae    
Peltocephalus dumerilianus 383.90 323.50 (Escalona 1991; Ewert and Nelson 1991) 
Podocnemis erythrocephala 172.65 213.85 (Pérez-Eman 1990; Schneider pers. commun.) 
Podocnemis expansa 382.85 632.50 (Ernst and Barbour 1989, Hernández pers. comm., Ojasti 1993, 
Thorbjarnarson et al. 1997) 
Podocnemis lewyana 276.50 437.00 (Castaño-Mora 1997; Gallego-Garcia and Castano-Mora 2008) 
Podocnemis unifilis 278.50 396.26 (Pritchard and Trebbau 1984; Ojasti 1993; Iverson 1995; Escalona and 
Loiselle 2003; Fachin-Teran and Vogt 2004; Balensiefer and Vogt 2006; 
Ernst et al. 2007) 
Podocnemis sextuberculata 198 207 (Thorbjarnarson et al. 1997) 
Podocnemis vogli 204.50 247.50 (Pritchard and Trebbau 1984; Fachin-Teran et al. 2003) 
Testudinidae    
Agrionemys horsfieldii 121.60 154.30 (Thorbjarnarson et al. 1997) 
Aldabrachelys dussumieri 852.33 749.00 (Bonnet et al. 2001) 
Astrochelys radiata 349.50 325.00 (Gibbons and Lovich 1990, Leuteritz et al. 2005) 
Astrochelys yniphora 415.75 375.00 (Gibbons and Lovich 1990) 
Chelonoidis carbonaria 319.50 297.00 (Moskovits 1988; Gibbons and Lovich 1990) 
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Taxa Male Female Reference 
Chelonoidis denticulata 386.25 349.00 (Moskovits 1988, Pritchard and Trebbau 1984, Stevenson et al. 2007) 
Chersina angulata 192.40 166.55 (Gibbons and Lovich 1990, Mann et al. 2006) 
Eurotestudo hermanni 154.63 175.00 (Pritchard and Trebbau 1984; Willemsen and Hailey 1999) 
Geochelone platynota 150.00 189.00 (Ernst et al. 2007) 
Gopherus agassizii 237.87 228.91 (Germano 1993, 1994, Gibbons and Lovich 1990) 
Gopherus berlandieri 174.83 148.16 (Germano 1993, 1994, Gibbons and Lovich 1990) 
Gopherus flavomarginatus 296.60 338.35 (Germano 1993, 1994, Gibbons and Lovich 1990) 
Gopherus polyphemus 239.68 252.97 (Gibbons and Lovich 1990; Germano 1993, 1994; Mushinsky et al. 
1994; Aresco and Guyer 1999; Platt et al. 2001) 
Homopus bergeri 80.50 100.00 (McRae et al. 1981) 
Homopus signatus 75.10 81.90 (Schleicher and Loehr 2001; Loehr 2004) 
Indotestudo forstenii 214.60 208.30 (Loehr et al. 2006) 
Indotestudo travancorica 249.00 238.00 (Ives et al. 2008) 
Kinixys erosa 181.70 192.80 (Ramesh 2008) 
Malacocherus tornieri 146.30 151.60 (Oyewale et al. 1998) 
Manouria emys 350.00 440.00 (Ewert et al. 2004) 
Pyxis arachnoides 116.00 122.00 (Lambert and Howes 1994; Ernst et al. 2007) 
Stigmochelys pardalis 240.50 300.25 (Hailey and Coulson 1999; Gosnell et al. 2009) 
Testudo graeca 142.10 164.25 (Kabigumila 1998; Carretero et al. 2005) 
Testudo kleinmanni 94.35 113.60 (Bonin et al. 2006) 
Testudo marginata 241.70 246.70 (Attum et al. 2007; Ernst et al. 2007) 
Trionychidae    
Apalone ferox 220.00 400.50 (Gosnell et al. 2009) 
Apalone mutica 156.50 223.33 (Pritchard and Trebbau 1984; Gibbons and Lovich 1990; Barko and 
Briggler 2006; Ernst et al. 2007) 
Apalone spinifera 176.90 298.70 (Webb 1973; Gibbons and Lovich 1990; Barko and Briggler 2006; Ernst 
et al. 2007) 
Chitra chitra 865.00 912.50 (Pritchard 2001) 
Chitra indica 546.25 589.67 (Kitimasak et al. 2003) 
Dogania subplana 254.00 215.00 (Hossain and Sarker 1995b) 
Lissemys punctata 200.17 197.86 (Agarwal 1987; Pritchard 2001) 
Pelodiscus sinensis 149.00 135.00 (Yadava and Prasad 1982) 
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CHAPTER 5. GENERAL CONCLUSIONS 
 
Rensch's rule (RR) is a macroevolutionary pattern that has been observed across 
many taxa, and which describes changes in sexual size dimorphism (SSD) as a function of 
body size in one direction in male-biased SSD species and in opposite direction in female-
biased SSD species. Specifically, under RR SSD increases with body size in male-biased 
SSD taxa, and decreases with body size in female-biased SSD taxa. This pattern implies that 
males change body size faster than females, thus that males drive the evolution of SSD, and 
also that sexual selection might be the main evolutionary force behind this pattern. In 
addition, it has been proposed that phenotypic plasticity can affect body growth in a 
differential manner in males and females in ways that can influence SSD and RR. However 
empirical evidence of how the differential plasticity affects body size in male- or female-
biased species remains scarce, particularly for long-lived vertebrates. In this dissertation I 
studied the role of phenotypic plasticity as a mechanism affecting sexual size and shape 
dimorphism within and across turtles, and tested whether levels of differential plasticity were 
consistent with it playing a significant role in shaping Rensch's rule in turtles.  
I hypothesized that plasticity mediates changes in body size such that body size may 
be enhanced or inhibited, or alternatively, that plasticity does not affect body size of either 
sex (males or females) or size (the larger or smaller sex) in particular. These hypotheses were 
tested in two turtle species with contrasting patterns of SSD and different patterns of sexual 
shape dimorphism (SShD) in two independent common garden experiments using similar 
experimental designs. In the first experiment common snapping turtles (Chelydra serpentina) 
were raised for 15 months under a variety of environments and the growth of males and 
females was monitored periodically. Males exhibited increased growth plasticity relative to 
females, thus supporting the differential (sex-specific) plasticity alternative. This finding 
supports the hypothesis that differential plasticity may be a mechanism facilitating the 
evolution of SSD in a manner consistent with RR.  
However, whether differential plasticity enhances body size of the larger sex in 
general, or of males in particular, could not be distinguished with those data. To address this 
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question the second experiment was conducted on the giant Amazonian river turtle 
(Podocnemis expansa), in which females are larger than males. A similar set of hypotheses 
were tested for the combination of alternative outcomes of the two contrasting studies in 
order to evaluate if the levels and directionality of the phenotypic plasticity across species 
supported or not the notion of it being a pervasive mediator of SSD and RR. No differences 
in growth plasticity between males and females were found in P. expansa, thus failing to 
support the differential plasticity hypothesis in this species. The combined evidence from 
both studies suggest that differential plasticity is neither specific to males nor to the larger 
sex, but instead that it is species-specific. 
Because evidence as to whether turtles follow Rensch's rule or not is fragmentary and 
the conclusions mixed, a third study was conducted in which a database on body size of 
males and females of 138 turtle species was gathered and used to test for the presence of 
Rensch's rule at multiple taxonomic levels in a phylogenetic context. Results from this 
analysis failed to support Rensch's rule in turtles at the order level and in most families. 
Instead, SSD has evolved independently of the species average body size in those clades. I 
also found that the family Chelydridae and one subclade within the Testudinidae family 
follow Rensch's rule, while the Podocnemididae family follows a pattern exactly opposite to 
Rensch's rule. These results are in agreement with the result of the common garden 
experiments. Namely, I found support for sex-specific growth plasticity as a mechanism 
facilitating RR in C. serpentina, a species belonging to the family Chelydridae that follows 
RR. Furthermore, no support for sex-specific growth plasticity as a mechanism facilitating 
RR was detected P. expansa, a species belonging to the family Podocnemididae that does not 
follow RR. Further research is warranted to test the role of the sex-specific growth plasticity 
in female-biased SSD species belonging to clades that follow Rensch's rule, such as 
Agrionemys horsfieldii or Testudo kleinmanni, two taxa exhibiting the highest SSD indices in 
the Testudo clade within family Testudinidae. Likewise, similar studies should be conducted 
in male-biased SSD species belonging to clades that do not follow Rensch's rule, such as 
Peltocephalus dumerilianus, which has a male-biased SSD and belongs to the 
Podocnemididae family that does not follow Rensch's rule.  
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Failing to support Rensch's rule in the turtle clade overall, does not imply that males 
change body size slower than females. Indeed, overall, males had higher body size 
evolutionary rates compared to females in 6 out of 9 families, however they vary in size in 
both directions (increasing and decreasing) as opposed to steadily changing in one direction. 
The opposite was true in the remaining 3 families in which females evolve body size faster 
than males. Thus these findings suggest that sexual selection may still be operating in the 
first 6 families and fecundity selection in the last 3 families above. 
In addition, no differential responses were found on shape during ontogeny in C. 
serpentina and P. expansa, suggesting that sex-specific plasticity is not a mechanism shaping 
patterns of SShD. However, while my findings are consistent with the alternative hypotheses 
that sexual selection and fecundity selection are major drivers of SShD in males and females, 
respectively, these predictions need to be tested directly in several species given that sex-
specific plasticity observed was species-specific. Possible follow up studies in this area 
include e.g. correlating reproductive success with specific shapes in males as done in fighting 
tortoises (Mann et al., 2006), or fecundity success with specific shapes in females. 
Another area that should be pursued in this field is the linkage between phenotypic 
responses and individual performance to make inferences about the fitness consequences of 
plastic responses. If plasticity is a mechanism that favors the evolution of SSD in some 
species, then individuals attaining larger body size through increased plasticity should also 
gain higher fitness, through higher performance or reproductive success, than individuals that 
exhibited a less plastic response to the environment and consequently attained smaller size. 
In a previous study in tadpoles individuals increased body size via warmer water temperature 
or greater amounts of food, yet tadpoles reared under warm temperature were slower 
swimmers compared to those reared under cooler temperatures, while there were no 
differences in performance associated with food levels (Arendt & Hoang, 2005, Arendt, 
2003). 
Finally, some management recommendations are suggested. While Chelydra 
serpentina is a species of no conservation concern and its biology and ecology are relatively 
well known [reviewed in (Steyermark et al., 2008)], Podocnemis expansa faces serious 
threats including human consumption and habitat alteration, which has led to its  
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classification as a “lower risk/conservation dependent” species (IUCN, 2010). Results from 
the common garden experiment in P. expansa suggest that animals grow faster when raised 
exposed to direct sunlight, and fed with an abundant and high protein diet. Thus, if the goal 
of head-start programs (programs that raise hatchlings in captivity and then release them 
back into the natal river as an attempt to increase survival at this life stage) is to produce 
bigger individuals, then those rearing conditions are suggested. In addition, the geometric 
morphometric technique is an effective, inexpensive, and noninvasive tool to sex hatchlings 
and young juveniles. Females had larger carapace and plastron (centroid) size than males at 
hatching, and different carapace and plastron shapes were also detected at all ages evaluated 
from hatching to 25 months of age. The anal notch shape in the plastron was particularly 
useful to differentiate between males and females and it is recommended as a sex diagnostic 
trait. 
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